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PREFACE 


The first edition of Pender’s Handbook for Electrical Engineers, compiled by a staff of 
specialists under the editorship of Harold Pender, appeared in 1914. The second edition, 
under the joint editorship of Pender and William A. Del Mar, was published in 1922. 
Both these editions covered all branches of electrical engineering as well as a large amount 
of material dealing with allied fields of interest to electrical engineers. 

The third edition, published in 1936, was divided into two volumes: one on electric 
power under the editorship of Pender, Del Mar, and Knox Mcllwain; the other on elec- 
trical communication and electronics under the editorship of Pender and Mcellwain. 
Certain tables and fundamental theory were duplicated in the two volumes in order that 
each might be complete and independent of the other. 

This plan met with such enthusiastic response that it has been continued in the fourth 
edition. The growth of knowledge and the greater degree of specialization in the various 
phases of electrical engineering have necessitated a considerable enlargement of both 
volumes. Careful selection and compression have been exercised in an effort to keep 
the books compact and readable. The treatment of subjects of decreased importance 
and those which are adequately treated by other handbooks of the Wiley Handbook 
Series has been either curtailed or left unchanged in length. 

The bibliographies have been prepared with the idea of assisting the reader to further 
study of each subject, and they reflect each author’s idea of this plan. The publications 
referred to are, in general, in the Engineering Societies Library, 29 West 39th Street, 
New York, N. Y. Most of them may be borrowed from the Library by members of its 
Founder Societies, the American Society of Civil Engineers, American Institute of Mining 
and Metallurgical Engineers, American Society of Mechanical Engineers, and American 
Institute of Electrical Engineers. 

Seventy-eight specialists in their respective fields have contributed to this fourth and 
entirely rewritten edition of the Electronics and Communication portion of the Electrical 
Engineers’ Handbook, as compared with twenty-seven, forty-five, and fifty-seven in pre- 
vious editions. This reflects the rapid widening in the electronics field. In particular, 
frequency modulation and all the pulse techniques in both the communication and radar 
fields appear in the volume for the first time. The increased complexity and importance 
of radio aids to navigation are also of interest. 

The editors’ thanks are due to the many well-known and busy men who have con- 
tributed textual material, both for their unselfish efforts to make this a reliable reference 
work and for their continued patience with editorial vagaries. They are also due to 
Messrs. R. L. Jones, R. K. Honaman, and A. R. Thompson of the Bell Telephone Labora- 
tories, Mr. Frank A. Cowan of the American Telephone and Telegraph Company, and 
Mr. E. W. Engstrom of RCA Laboratories for aid in the organization of the book. 


Haroutp PENDER 
Knox McItwain 
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MATHEMATICS, UNITS, AND SYMBOLS 


MATHEMATICS 


By Carl C. Chambers 


1. ALGEBRAIC FORMULAS 


MISCELLANEOUS FORMULAS 
(a + b)? = a? + 2ab + b? 
(a + b)? = a? + 3a2b + 3ab? + B3 


n 


! 
(a+ b)” = >) —™ __ gk (4, nt = n(n—1)...3X2X1 
Ho kin — &! 


a — b = (a+ d)(a — Bd) 
= (a+ jb)(a—jb), j= V—-1 


a’ X a = a’, ae = 1 [fora ¥ 0], (ab)? = a®b? 


Q 
is) 

+ 

o 
t 
| 


log (a”) = zloga, logab = loga+logb 
Jog < = loga — logb 


¢ hen) atb ctd q GS) _ G=U 
b an oS ae peed 


bid 
The sum of an arithmetical progression is given by 
n 
s= 5+) = 5 (2at+ m— 1d} 


where / = a + (n — 1)d is the last term, a is the first term, d is the common difference, 
and s is the sum of the n terms. 
The sum of a geometrical progression is given by 
CHT). R= 
l—r r-1 
where / = ar”~1 is the last term, a is the first term, d is the common ratio, and s is the sum 
of the n terms. If m approaches infinity and r? is less than unity 


_ he 
oe Mio ep 

The multiple product represented by n(n — 1)(n — 2)...3 X 2 X 1 is designated 
by the symbol 7! or |n and is called “ n factorial.”” The following list gives the value of 
n! up ton = 10 


s=a 


i!= 1 6! = 720 
2!= 2 W= 5,040 
3!= 6 8!= 40,320 
4!= 24 9! = 362,880 
5! = 120 10! = 3,628,800 
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For large values of n a good approximation for n! is, from Stirling’s formula, 
nr 
n! = (24n)” (*) , € = 2.7182818 


This formula is accurate to about 21/2 per cent at n = 10 and becomes more accurate 
very rapidly as 7n is increased, 
The number of permutations or arrangements of n things taken p at a time is 


1 
genial wa 
Po (n= p)! 
The number of combinations of n things taken p at a time is then 
1 
Cy” = p! Pp” 


QUADRATIC EQUATION. The solution of 
az*+ br +c=0 
—b + Vb? — 4ac 
2a 


If a, b, and c are real, and the discriminant, b? — 4ac, is positive, the roots are real and 
unequal; if it is zero, the roots are real and equal; if it is negative, the roots are conjugate 
complex numbers. 

CUBIC EQUATIONS. The solution of 


ax®,+ 3bx? + 3cr +d = 0 () 


is Tc 


& 1 
is obtained as follows:, Put x = 5 (y — 6); then (1) becomeg 
ys — 3Hy+G=0 
where H = b? — ac 
G = a’? d — 3abc + 2b? 
For a solution let 


I—G G2 ve 2 
Aas Ss 4 ; Ba Bae G 
2 ae — — #3 Vo —— ==) 7s 


then the values of y will be given by 
1 v3 1 V3 
y= A+B, —54+8) +ti= A-B), — 5A EE) je AB) 


If a, b, c, d are real and if G? — 4H%, the discriminant, is positive there are one real 
root and two conjugate complex roots; if G? — 4H? is zero there are three real roots, at 
least two of which are equal; if G? — 4H®% is negative there are three real and unequal 


roots. 
The solution may be written in three other forms. 


CD) Tavis , 
G 
= — sin~!] ———— 
Silas ee Vil 
then the roots are 


y=2VHsin d, 2VH sin (¢ + 120°), 2V Hsin (¢ — 120°) 
Or (2) put 


2H V H 


then the roots are 
y=—2 WH cosh u, WH coshu+ V—3H sinhu, WH coshu — V—3H sinhu 
Or (8) put 


1 G 
u=r | seal 
3 2H V—H 
Then the roots are 


y=2V—Hsinhu, —V—Hsinhu+ V3 coshu 
—V —H sinh u — V3H cosh u 


SIMULTANEOUS EQUATIONS. Given n independent equations in n unknowns, 
these n equations usually fix one or more values for each of the n unknowns. To solve 
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such a set of simultaneous equations in z, y, and z, say, solve each of the three equations 
for z in terms of y and z. Equating these three values for z gives two equations in y 
and z. Solving each of these two equations for y in terms of z and equating these two values 
of y gives a single equation in z. The solution of this last equation then gives the value 
of z. Then substitute this value of z in either of the equations in y and z, and solve for y. 
Then substitute these values of y and zin any one of the original equations and solve for z. 

DETERMINANTS. In the case of linear simultaneous equations (i.e., when z, y, 
and z occur only to the first power), the equations may be solved by determinants. This 
method is a considerable time-saver when the number of unknowns is greater than three, 
but when the number of unknowns is three or less the straight substitution method is 
preferable. 

The determinant of a set of simultaneous equations is formed by writing the equations 
one below the other with the same unknown in the same relative position in each. The 
block of numbers forming the coefficients of the unknowns is called the determinant. 
For example, the determinant of the equations 


wt-«t yt z=6 
w+ y+3z2=4 
w+ 2a + 3y = il 
w+ 3c+ Zs 
is 
dat ay al 
i Gh 
Di lee 9) tet 
i 6% (a 


The values of any one of the unknowns, say y, is found by writing a second determinant, 
D,, exactly like the determinant D, except that the constants forming the right-hand 
members of these equations are substituted for the coefficients of y in the determinant, 
that is 


wWONnNor 
Or RO 
rPOWH 


Then 


and similarly for the other unknowns. 

The value of any determinant is found by making use of the following rules: 

(1) If a determinant has two equal rows or columns, it is equal to zero. 

(2) To any row or column one may add or subtract any number of times any other 
row or column without altering the value of the determinant. 

(3) To multiply any row or column by a number is the same as multiplying the 
determinant by that number. 

(4) If all the terms in a row or column except one are zero, the determinant reduces 
to one of a lower order which may be obtained by striking out the row and column which 
intersect at the element of the row or column which is not zero, and multiplying the whole 
by that element, changing the sign of this element, however, if it is removed by an odd 
number of elements from the principal diagonal. The principal diagonal is the line of 
elements beginning at the upper left-hand corner and ending at the lower right-hand 
corner. Thus, 


Hy &> 00 


won 


the principal diagonal being that with the figures 1, 4,0, and 3. It is immaterial whether 
the distance from the diagonal is counted along a row or a column. 

(5) The value of a determinant of the second order is 
ay by 


= a1 b2 — arb 
a5 Bs 1 be 2 51 


The reduction of determinants is effected by altering the terms according to the above 
rules until a row or column is obtained in which all terms but one are zero. This enables 
a reduction of order to be effected in accordance with rule 4. Reductions are continued 
until one of the second order is obtained. 
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EQUATIONS OF COMMON CURVES. Straight Line. 


or 
y=aztand+b. 


Circle. 
gt y? = R2 


Ellipse. 


zal ot 
atpol 


Parabola (Vertical). 
y= ka 
where k is a constant. 


Parabola (Horizontal). 
ya=kVa 


where k is a constant. 


Es 
Hyperbola. 
2 2 
= - = = 1 (Horizontal) 
a yf? : 
a Be =— 1 (Vertical) 
Rectangular or Equilateral Hyperbola. 
k 
n= ae 
zx 
where k is a constant. ‘ 
Y 


Catenary. 
1 
y= i cosh kz — 1 


where k is a constant. The length of arc 
from O to P is 


: sinh (kz) 
See tables of hyperbolic functions. 


Sinusoid. 
y= Asin (az + 8). 
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2. COMPLEX QUANTITIES 


‘ 


The square root of a negative quantity is called an ‘‘ imaginary” quantity, or a pure 
imaginary. A quantity consisting of the sum or difference of a real quantity and an 
imaginary quantity is called a ‘“‘ complex”’ quantity. All the rules of ordinary algebra 
apply to pure imaginaries and complex quantities. The square root of minus one is 
called the imaginary unit and is usually represented by the symbol j (writers on pure 
mathematics use the symbol 7), that is, 


j=V=1 
Any complex quantity may then be written 


a+ jb 
where a and b are both real quantities. 

GEOMETRICAL REPRESENTATION OF A COMPLEX QUANTITY. A positive 
real quantity may be represented by a line drawn ona plane in a given direction; a negative 
real quantity may be represented by a line drawn in the opposite direction. Multiplying 
a quantity by —1 then reverses its direction. Also, since multiplying a real quantity by 

—1 twice is equivalent to multiplying it by —1, the operation of multiplying once by 

V —1 may be represented by turning the line representing the quantity through 90° 
in the positive direction of rotation. The positive direction of rotation is taken as the 
opposite direction to that in which the hands of a clock move. Hence, a 

complex quantity a+ jb may be represented by the line OP in the 

figure, where OA = a and AP = b. The complex quantity a+ b is 


then completely specified by a line of length V a + b? making an angle 


LZ 
2. A 6, with the axis of reference OX where tan 0 = ~. The length 


M=Va’?+ bd? is called the magnitude of the complex quantity, and the angle 
C— tan-1* is called its angle. From the figure it is evident that the complex quantity 
a-+ jb may also be written 

a+jb = M (cos 6+ j sin @) 


Expanding cos 0 and sin @ into series (see Series, Article 9) and adding, the resultant series 
obtained is the series for e’”; hence : 
a+ jb = Me’® (1) 
From the above definitions and equation (1) it is evident that complex numbers 
possess the following properties: 
ADDITION OF TWO COMPLEX QUANTITIES. 
(a + 9b) + (a1 + jb1) = (@+ a1) +35(6 + by) 
SUBTRACTION OF TWO COMPLEX QUANTITIES. 
(a + 9b) — (a1 + jos) = (@ — a) +96 — By) 
MULTIPLICATION OF A COMPLEX QUANTITY BY A COMPLEX NUMBER. 
(a + 3b) (a1 + 7b1) = aay — bb; + 7(abi + a1 db) 


or, putting a+jb=Meé® and arty = Mie 
where M = Va? + b?, Mi = Va;? + 6? 
tan @ = 2 
a 
and tan 6; = bu 
a 
we have (a + jb) (a1 + jb1) = Me? M, ! = MM, JOT 


Hence the product of two complex quantities is in general a complex quantity which has 
a magnitude equal to the product of the magnitudes of the two quantities and an angle 
equal to the sum of the angles of the two quantities. 
DIVISION OF A COMPLEX QUANTITY BY A COMPLEX NUMBER. 
a+jb — (4+ 9)(a1 — bi) _ aay + bb1 — j(abi — a1) 
a+ gb1 (a, + 9b:) (ai — gb) Giccimuis 


or ait 7b pe a M yo-o 
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Hence the quotient of two complex quantities is in general a complex quantity which has a 
magnitude equal to the quotient of the magnitudes of the two quantities and an angle 
equal to the difference of the angles of the two quantities. 

SQUARE ROOT OF A COMPLEX QUANTITY. 


2 2 2 one 
Va + ib = al] Pe a ee ee 2 “| 


2 
ab 2 | eeeee, erene) 


——— : 
Va + jb = MUN <i8/N 
Hence the nth root of a complex quantity is. in general, a complex quantity which has 
a magnitude equal to the nth root of the magnitude M of the quantity and an angle equal 
one-nth of the angle of the quantity. 
EQUATIONS CONTAINING COMPLEX QUANTITIES. Since a real quantity can- 
not be equal to an imaginary quantity it follows that any equation of the form 
A+jB= Ai + jBi 
where A, B, A, and B; are all real quantities (which may, however, consist of any number 
of terms), is equivalent to the two equations 
A=A, 


18) == 155) 
Also, if one member of an equation reduces to the form A + jB, then the other member of 
this equation must likewise contain an equal real and an equal imaginary part. 
See K. S. Johnson, Transmission Circuits for Telephonic Communication, D. Van Nos- 
trand. 


and in general 


and 


3. TRIGONOMETRIC FORMULAS 


The trigonometric functions of an angle are the ratios to one another of the various 
sides of a right triangle having the given angle as one of its angles. Referring to Fig. 1, 
let B, P, and H be the three sides of a triangle. Then the trigonometric functions of the 
angle x are 


sine of x, abbreviated sin z = cotangent of x, abbreviated cot z = 


cosine of x, abbreviated cosz = secant of z, abbreviated sec xr = 


cosecant of x, abbreviated csc x = 


SID Aly ly 


’ 


Py] AG del y Ul by 


tangent of z, abbreviated tan z 


When B, P, and H are limited to the three sides of a right triangle, the above definitions 
are directly applicable only to angles lying between 0 and 90°. The definitions, however, 
may be extended by considering the point A (Fig. 2) as describing a circle of radius OA 


y P ete 
Zz 5 by 
Fia. 1 Fic. 2 


with the center at O. Let XX’ be the horizontal diameter and Y Y’ the vertical diameter 
of this circle, and eall.P the perpendicular distance from.A to the line.XX’ and B the 
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horizontal distance from A to YY’. P is to be considered positive when A lies above 
XX’, negative when below. B is considered positive when A is to the right of YY’ and 
negative when to the left. The four quarters of the circle are called quadrants, and are 
designated as the first, second, third, and fourth quadrants as indicated. The angle is 
said to lie in the quadrant in which the point A lies. In Fig. 2 the angle z is in the second 
quadrant. 

Algebraic Signs of the Functions 


Sine Cosine Tangent 


Angle in first quadrant 


Angle in second quadrant 
Angle in third quadrant 
Angle in fourth quadrant 


Period. From the above definitions it is evident that adding 27 radians or 360° to an 
angle does not change the value of any of its functions; that is, these functions repeat 
themselves every time the angle increases by the 27 radians or 360°. They are therefore 
said to have a period equal to 27 radians or 360°. 

Functions of Angles in Any Quadrant in Terms of Angles in First Quadrant. 


sin (—x) = — sing sin (90 + x) = cosz 

cos (—2) = cosz cos (90 + x) = — sing 

tan (—x) = — tanz tan (90 + x) = — cotz 
sin (180 — xz) = sina sin (180 + x) = — sinz 
cos (180 — x) = — cosz cos (180 + x) = — cosz 
tan (180 — x) = — tanz tan (180 + 2) = tanz 
sin (270 — x) = — cosz sin (270 + 2) = — cosz 
cos (270 — x) = —sinz cos (270 + x2) = sing 
tan (270 — x) = cotz tan (270 + x) = — cotz 


Anti-functions. Ifa = sin z, then z is the angle whose sine is a; this may be expressed 
symbolically x = sin“! a, which is read ‘‘z equals the angle whose sine is a.’’ The angle x 
is also called the ‘“‘anti-sine”’ or the ‘‘inverse sine’’ of a. Similar notation is used for the 
other functions; for example, z = cos~! b is used to express the relation that z is the angle 
whose cosine is b. At least two ‘‘anti-functions’’ must be known to completely determine 
the quadrant in which an angle lies; for example, if x = sin! 0.5 then x may be either 30° 
or 150°, but if we also have x = cos! 0.866, then z must equal 30°, while if x = cos 
(— 0.866), then x must equal 150°. 

Anti-functions may be taken from the Trigonometriec Tables by finding the angle in the 
margin corresponding to the function in the table. 

Example. sin~0.319 = 18.6° or 180° — 18.6° = 161.4°. 

Versine. The expression (1 — cos z) is called the ‘‘versine”’ of x. 

Relations among Functions of the Same Angle. 


sin x 1 : 
tan z = = sin? z + cos? z = 1 
cos x cot x 
1 1 
sec xz = 1+ tan? z = —— 
cos pee cos? x 
1 1 
csc 2 = = 1+ cot? z = -— 
sin x sin? x 
sin (90 — x) = cosa sin (—z) = — sinz 
cos (90 — x) = sinz cos (—2z) = cosz 
tan (90 — x) = cotz tan (—z) = — tanz 


Sum and Difference of Two Angles. 
sin (x + y) = sinzcosy + coszsiny 
cos (x + y) = cosxcosy — sinzsiny 
tan (eae) tan x + tan y 
1 — tan 2 tan y 
sin (x — y) = sinz cosy — coszsiny 
cos (x — y) = coszcosy + sina siny 


tan x — tany 


tan (x — = 
aa) 1+ tan z tan y 
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Product of the Functions of Two Angles. 


sin x sin y = 1/2 [cos (x — y) — cos (x + y)] 
sin x cos y = 1/9 [sin (a + y) + sin (4 — y)] 
cos x sin y = 1/2 [sin (x + y) — sin (x — y)] 
cos x cos y = 1/2 [cos (« + y) + cos (x — y)] 


Functions of Twice an Angle. 


sin 2x = 2sinxcosz cos 27 = cos? x — sin? z = 2cos*z — 1 
2 tan x 
tan 22 = Poa es 
1 — tan? x 


Functions of Half an Angle. 


cs 1 — cosz pe \ aun t 
SENG So Cs = 5 an 


Functions of Three Times an Angle. 


wle 
ll 
ie on 
a 
om ie) 
fo ie} 
n\|n 
&le 


sin 3x = 3sinz — 4sin*z cos 3x = 4cos* x — 3 coszx A ¢ 
3 tan x — tan? zx 
Set ote 1 — 3 tan’ 
TRIGONOMETRY. Any triangle is completely defined when Fia. 3 


(1) two sides and the included angle are known, (2) one side and two 
angles are known, (3) three sides are known. Let the sides and angles of a triangle be 
designated as in Fig. 3. 

1. Given two sides a and 5, and the included angle y. Then 


c= Va'+ B — 2abcosy 


Ones 
OLY. 
c 


ll 


sin @ 


B=180-a-y 
2. Given the side a and the two angles B and y. Then 


a=180-—-6-y 
sin 
pee 
sin a 
nel. 
sina 


3. Given the three sides a, b, andc. Put 
s=Ip2(a+b+e) 


2 a 
Then sin a = 5 Vos — a)(s — b)(s — c) 
sin B = —sina 
a 
y = 180-—-a-—8B 


Relations between Sides and Angles. The following relations between the sides and 
angles of a triangle are sometimes useful: 


Ree I ae 
sina sinf siny 
_P+e-a@ 
cos a = ite 
Pe (s — b)(s — c) 
2 be 


and similar relations for the other two angles. 
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4. EXPONENTIAL AND HYPERBOLIC FORMULAS 


When the relation between any variable y and another variable x is such that x occurs 
as an exponent of one or more terms, y is said to be an exponential function of x. Of 
particular importance in connection with electric circuits are the exponential functions 
e” and e~*, where ¢ is the base of the natural logarithms. Since z is the natural logarithm 
of e*, the value of e” can be obtained from the table of common logarithms as shown at the 
beginning of that table. In addition the values of e” and e~® are given in a separate table. 

Hyperbolic functions are an extension of the trigonometric functions to those cases 
where the use of the latter gives rise to imaginary or complex angles. From the relations 


ei? + e 7% 
cos z = 5) 
E eit — eit 
sin z = 3 
where j = We 1, it follows that, putting x = jz: 
i ey ‘ema 
cos jz = a (1) 
mar S te e 
—jsinjz = a Se (2) 


Expressions (1) and (2) are both real quantities when z is real, that is, when the angle jz 
is imaginary. The first expression is called the hyperbolic cosine of z, abbreviated and 
pronounced ‘‘cosh’’; the second expression is called the hyperbolic sine of z, abbreviated 
sinh and pronounced ‘‘shin.’’ Hence, using z for the variable, 


C2 ema 
en ae Ee 
sinh x 5 
z =: 
Cosine re 
2 
The hyperbolic tangent, cotangent, secant, and cosecant are defined as follows: 
inh 
tanh zg = ees 
cosh x 
h 
coth z = ass = 
sinh z 
1 
sech x = 
cosh x 
il 
esch z = 
sinh x 


The hyperbolic angle z is a number analogous to radians in circular measure; it is never 
expressed in degrees. 

Adding 27 to an angle does not change the value of the trigonometric functions; they 
are therefore said to have a period equal to 27 radians. Hyperbolic functions, however, 
have no true period, but adding 277 to the hyperbolic angle does not change the values 
of the functions; hence these functions have an imaginary period, 27j. 


For the value of the hyperbolic functions see tables of exponential and hyperbolic 
functions, Article 13. 


Approximate Formulas. Note that, for x less than 0.1, 
sinh x = x with an error of less than 0.2 per cent 


ie 
eosh g = 1 + 2 with an error of less than 0.09 per cent 


For x greater than 6, 
z 


1 
sinh « = cosh z = = = 5 login (0.434292) 


with an error of less than 0.01 per cent. 


Anti-functions. Ifa = sinh 2, then z is the angle whose hyperbolic sine is a; this may 
be expressed symbolically 


2 sinc 
which is read Oe equals the angle whose hyperbolic sine is a.’ The angle z is also called 
the “‘anti-hyperbolic sine’’ or the “inverse hyperbolic sine” of a. Similarly for the other 
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hyperbolic functions. The following relations exist between the anti-hyperbolic functions 
and the natural logarithms: 
sinh! 2 = log (« + V x2 + ip) 


cosh7! x = log (« + V22 — 1) 
tanhe 2 = lop ( a :) 


Relations among Functions of the Same Angle. 
cosh* x — sinh? x = 1 


1 
a a 
1 — tanh? x = aE 
coth?z —1= el 
sinh? x 
sinh (—z) = — sinhz 
cosh (—2z) = cosh x 
tanh (—x) = — tanhz 


See also the definitions given above. 
Sum and Difference of Two Angles. 
sinh (x + y) = sinh x cosh y + cosh x sinh y 
cosh (« + y) = cosh x cosh y + sinh z sinh y 
tanh x + tanh y 
tanh = 
ermal 1 + tanh z tanh y 


sinh (« — y) = sinh x cosh y — cosh z sinh y 
cosh (x — y) = cosh x cosh y — sinh z sinh y 
_ tanh x — tanh y 

~ 1 — tanh z tanh y 

Product of the Functions of Two Angles. 

1/ [cosh (@ + y) — cosh (@ — y)] 
1/9 [sinh (2 + y) + sinh (x — y)] 
1/ [sinh (2 + y) — sinh (@ — y)] 
1/2 [cosh (2 + y) + cosh (x — y)] 


tanh (% — y) 


sinh x sinh y 
sinh zx cosh y 
cosh x sinh y 
cosh x cosh y 


Functions of Twice an Angle. 


sinh 2x = 2 sinh x cosh x 
cosh 22 = sinh? x + cosh? z = 2 sinh? z + 1 = 2 cosh? z — 1 
2 tanh x 
Dg eee ae, 
Monde a? 1 + tanh? x 


Functions of Half an Angle. 
cua L_ cosh x — 1 
si ae Nia ome 


a soe +1 
cosh = = oS Sa 


2 2 
az fcosh x — 1 
wah oa Vee a+1 
Functions of Three Times an Angle. 
sinh 3z = 3 sinh z + 4 sinh? z 


cosh 32 = 4 cosh’ x — 3 cosh z 
3 tanh « + tanh? x 


tanh 3z = 
are 1+ 3 tanh? z 
Relations between Hyperbolic and Trigonometric Functions. 

sinh Gz) = Jj sin z sin (jz) = j sinh z 
cosh (jz) = cos x cos (jx) = cosh x 
tanh (jz) = 7 tan x tan (jz) = 7 tanh x 
sinh! jz = j sin 12 sin! jr = j sinh! 2 
tanh 1 jz = j tan '2 tan 1tjz =j tanh !2 


cosh! jz = j cos 172 = log (x + AAT de a) — hi 
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Hyperbolic Functions of a Complex Angle. 


sinh (x + jy) = sinh z cosy + j cosk x siny = Me’? 


22 — 2 
where Wh = yosa ees and tan@ = 


cosh (x + jy) = cosh xz cosy +j sinhz siny = 


23 2 
where IY yor ees and tan@¢ = tanhz-tany 


sinh « cosy +j coshzsiny _ 
cosh z cos y +7 sinh z sin y 


tanh (x + jy) = 


cosh 22 — cos 2y 
d = 
WEE Pp (BR OS 22 + cos 2y iz " 
tanh (Ae?*) = B, + 7B, 
1 2A cosa 1 i 
a | eee eee aie a he beet Vibes 
where B, 2 tanh [ ee | and Bz 3 tan | 


5. CALCULUS FORMULAS 


The formula for the integration by parts is: 


fr do = [uo], — for du 


The following table is used in the formulas 
df(x 
LO = p@) 


(ic wees 


where C is an arbitrary constant. 


f’(@) f(x) f’ (a) 
1 il 
m m+1 
oo m+1 @ cos? ax 
1 a 
_ — loge ; 
ax sin” ax 
Cet 1 ox 1 
a V/ a2 + bx? 
i 1 
ba bz 
a a —————————— 
b log a aN ae ICG 
s lee x 
cos az — sin az 
a Via 
sin ! as 
a pee tice 
ax q con at Wires 
u es v ay 
Le. d 
cosh az — sinh az x A Zs 
a U 
; 1 
sinh az iz cosh ax log x 
1 f 
tan az ph log (cos az) sin? x 


1 
tanh ax - log (cosh az) cos? x 


fle 


zlogz—z 


— 1/9(cos x sin z — 2) 


t 


1/9(sin cos z+ 2) 
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MAXIMA AND MINIMA. Let y be any function of a variable z; then y will be a 
maximum or minimum for any value of x which satisfies 


=0 (1) 


: dy , Aeueeeiea Oe 
provided pa is not zero. If the second derivative ae is positive for this value of x, then 
z 
the corresponding value of y is a minimum; if this second derivative is negative, the cor- 


responding value of y is a maximum. 


a 
In case ey is also zero for the value of x which satisfies (1), the corresponding value of 


dz? 
: : ee dy d‘y dy 
yi1s not a maximum or minimum unless BEG 1s also zero and dx! 4 is not zero. W hen hig => 0, 
XL My mA 
’ bane ie . ; ay : d‘y . 
y is a Minimum if as is positive and a maximum if pe is negative. In case dat is also zero, 
Xx ve 1 


similar relations must hold for the fifth and sixth derivatives! etc. 


6. DIFFERENTIAL EQUATIONS 


Differential equations of the following forms are met with in the theory of alternating 
and transient currents. 

The following notation is used: e = 2.7183--+ = base of natural system of logarithms; 
2x, y, 2 are variables. A, ¢, y, and @ are constants of integration or arbitrary constants. 
Other letters represent known constants. 


AS 1 
dx ved () 
Solution: y = Ae 
d 
a +ay =0 (2) 
dx 
Solution: y = Ae-a# 
d 
a +ay=b (3) 
dx 
b 
Solution: yo [1 — Ae~2?] 
Py 
Prone a’y (4) 
Solution: y = Asin (az + ¢) 
dy > 
eats 5 
Gan (5) 
Solution: y = Asinh (ax + ¢) 
d’y dy - ‘ 
+ us =0 6) 
Ge het ae tw + a’ )y 
Solution: 
Case I. a? positive: y = Ae sin (ax + ¢) 
Case II. a? negative: y = Ae~“* sinh (ax + ¢) 
Case III. a? = 0: y = A(x + de 
Ra Pt RFS ab SP ERT rae (wa + 0) (7) 
ax? dx 
The complete solution of this equation consists of the solution of (6). plus the term 
(F ie 2) sin (wx + 6 — 8) (a) 
2uw 
sa 2uw 
where ce a ORea is 


For each additional sine term added to the right-hand member of the equation, there 
will be a corresponding term of the same form as (a) in the solution. 
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d 
++++a1 5" + avy = Bsin (we + 9) (8) 


Solution: 
y = Aye™? + Age™? + --- Ane™? + KB sin (wX + 6 + 4) 


where m1, ™m, etc , are the n roots of the equation 
mr 4+ Qn—1m"1 +---aym +a=0 


and K and 6 are found by substituting the KB sin (wr + @ + 64) by itself in the given 
differential equation and equating the coefficients of sin (wx + 6) and cos (wx + 6) 
respectively on the two sides of the resulting equation. When the second member of 


: : B 
the differential equation is a constant, B, the sine term in the solution becomes simply mie 


Note that all the preceding equations are merely special cases of the general equation (8) 


dy dy - ‘bel d’y 
Fe A oe (9) 
The complete solution of this equation contains an infinite number of terms of the form 
y = e~%—8)* [Aye™ sin (wx + nz + 1) + Ave~™ sin (wx — nz + ¢2)] (a) 


where Aj, $1, Ao, ¢2, and two of the four constants w, s, m, and n are integration constants 
(fixed by the terminal conditions). The values of m and n in terms of w and s are 


m = Vab cos 7 


eVab sin 1 


n= 
where a=V(s+q)? + e— tana ( 2 ) 
s+q 
@ 
b= V(s — 9g)? + o&, 7 = tan™ ( ) 
Mipatt! | 
The values of w and s in terms of m and n are 
V FG a+f8B 
o= cos 
c 2 
VFG . at+8B 
a sin 
c 2 
where F = V(n + cq)? + m?, a = tan! ( 2 
n + cg 
G = V(n — cg)? + m, p= tan ( id 
n— cq 
The solution of eq. (9) may also be written as a series of terms of the form 
y = Me—@~)2 sin (wr + & + yp) (0) 
A eee ee 
where M= V6 / cosh 2(mz + vy) + cos 2(nz + @) 


tan uw = tanh (mz + vy) tan (nz + 6) 


where A, ¢, y, and @ are integration constants, and the relations between the other con- 
stants w, s, m, and 7 are the same as above. 


In the special case when g = 0, the solution of eq. (9) is 


y =e? [fi(wr + nz) + fo(wx — nz)] (c) 


where fi and fz are any two arbitrary functions and w and n are connected by the relation 
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Pye Lid 2 
tet (-3)y=0 (10) 
0 


This is known as Bessel’s equation of order n. Jn(x), Bessel’s function of the first kind of 
order n, is a particular solution of this equation. It may be computed from the infinite 
series: 
x a a4 
Ina) = = J 1 —- 4 se 
n(z) 2°T(n + 1) [ 22(n + 1) a 242'(n + 1)(m 4+ 2) 
78 


263 !(n + 1)(n + 2)(n + 3) ++] (a) 


where I'(n + 1) is the gamma function which reduces to unity for n = 0 and to n! for n 
equal to any positive integer. In general, the function J,(x) is an oscillatory function of 
x having the value zero for x = 0, except for the case where n = 0. For values of n larger 
than 1, the slope of J,(x) is zero for x = 0 and the first maximum and the first zero occurs 
at successively higher values of x as n takes on larger values. For small values of n, the 
values of x for which J,(x) is a maximum or zero can be gotten from tables of Bessel func- 
tions. For large values of n, the first maximum, that is, the smallest xz for which Jn’(z) 
= 0, is given by 


n + 0.809 Vn (b) 


: 3 /— 
with an error not larger than 1/\/n, and the first zero, that is, the smallest x for which 
Jn(xz) = 0, is given by 


n + 1.856 </n (c) 


5 ; 345 
again with an error of the order of V/V/n. 
For integral values of n greater than zero, 


Inula) = 2 Iy(e) — Ina) (a) 


which permits one to compute Bessel functions for successively higher order from tables 
of Jo(x) and Ji(z). 


When 7 is an integer, 
J_n(x) = (—1)"Jn(2) (e) 
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7. ERRORS OF OBSERVATION 


When a quantity is measured with all possible accuracy many times in succession, the 
numbers expressing the results are found to differ by amounts which, although generally 
small, are occasionally considerable in comparison with the quantity measured. Though 
these differences may be decreased by improved methods, better instruments, or greater 
skill, they can never be entirely removed. They are known as the errors of observation. 
The following formulas, which are derived from the theory of least squares, apply to such 
errors and not to errors which can be eliminated by correcting mistakes of the observer or 
defects of instruments or methods of observation. That is, they apply only to errors 
which may be either positive or negative, the chance of a positive error occurring being 
exactly the same as the chance of a negative error occurring. 

WEIGHTED OBSERVATIONS. Sometimes, in spite of the care with which obser- 
vations are taken, there are reasons for believing that some observations are better than 
others. In this case the observations are given different ‘‘weights’’ or numbers express- 
ing their relative practical worth. A weighted observation is an observation multiplied 
by its weight. 

PROBABLE VALUE OF SEVERAL OBSERVATIONS. The most probable value of 
a quantity which is observed directly several times with equal care is the arithmetical 
mean of the measurements. 

The most probable value of a quantity which is observed directly several times, but 
the observations of which have different weights, is equal to the sum of the weighted 
observations divided by the sum of the weights. 
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PROBABLE ERROR OF ANY ONE OF SEVERAL OBSERVATIONS. The probable 
error or dispersion of a number of direct observations made with equal care is given by 


the following formula: 
2 
r = 0.6745 4 : 
n—-1 


number of observations. 
probable error of a single observation. 
residual found by subtracting the arithmetical mean from each measurement. 


where n 
ie 
v 


oi tl 


The probable error of each of a number of direct observations, where the observations 
have different weight, is found by the following formula, in which p represents the per 
unit weight of an observation. 

Lpv? 


71 = 0.6745 eT 


PROBABLE ERROR OF THE ARITHMETICAL MEAN. If 


r = probable error of a single observation, 


n = number of observations, 
ro = probable error of the arithmetical mean, 
: i 
ro = —— for observations of equal weight 
n 
or 
T1 A 
ro = —— for unequal weight 
/ =p 


It should be noted that the probable error of the mean decreases inversely as the square 
root of the number of observations. 

PROBABLE ERROR IN A RESULT CALCULATED FROM THE MEANS OF SEV- 
ERAL OBSERVED QUANTITIES. Let Z = a sum or difference of several independent 
quantities. 

Let 71, 72, 73, etc., be the probable errors in these quantities. Then the probable error of 


Z is equal to 
Vr + re? + 132 + ete. 


Let Z = Az, where z is an observed quantity, and A, a known number. Let 7 be the 
probable error in z. Then the probable error in Z is Ar. 

Let Z be the product of two independently observed quantities z; and z2 whose probable 
errors are 7; and re respectively. Then the error in Z is equal to 


V 2Pr2 + aor? 


Let Z be any function of the independently observed quantities 21, ze, 23, etc., whose 
probable errors are 71, 72, 73, etc. Then the probable error in Z is equal to 


0Z\? 0Z\?2 0Z\3 
4/ ee Cees CL Nores, 
ae as) Saat up) airtiials 


8. APPROXIMATIONS 
If a is small 
Qd+ta"=1+ma 


Fe Rp hasta 
2 


If m is nearly equal to n 


If 0, expressed in radians, is small compared to a radian 


sin 6 = tan 0 = @ radians 
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9. SERIES 


Taylor’s series is written 
2 
f@ +h) =f@ + * r@) aF 5 Ia) apoee 
x - x vi 
= f(h) +p P® ete ait (2) qP0 99 


where the prime on the function means the derivative with respect to the argument. 
The following series are frequently useful. 


ev 


2 3 
tes Othe nh do 


(x log a)? 


3 
at =1+cloga+ “ES 4 Glee” 


3! 


Bite ed Spi D esl meer ag 
x Gp age 
cosz = 1 a1 panies se 


Jo(x) + 2 {Je(x) cos 20 + Ja(x) cos 40 +--- 


cos (x sin @) 
where J,(x) is Bessel’s function of order n, 
sin (x sin 0) = 2 { J1(2) sin 0 + J3(x) sin 30 +--- 
cos (x cos 9) = Jo(x) — 2J2(x) cos 20 + 2J4(x) cos 40 +--- 
sin (x cos @) = 2J1(x) cos 8 — 2.J3(x) cos 30 + 2J5(x) cos 56 +--- 
sin (A + zsin 0) = Jo(z) sin A + Ji(x)[sin (A + 0) — sin (A — 9)] 
+ Jo(x)[sin (A + 26) + sin (A — 28)] 
+ J3(x)[sin (A + 36) — sin (A — 36)] 
+ J4(x)[sin (A + 46) + sin (A — 40)] +--- 


10. MENSURATION 


The term mensuration is used in this article to include the relations between the areas 
and volumes of geometric figures and their linear dimensions. 


Triangle. 
Area = 1/2 (Base) X (Perpendicular height) 


= Vs(s — a)(s — b)(s — ©) 


where a, b, and c are the lengths of the three sides respectively, and s = 1/2 (a+b+c). 


Trapezoid. 
Area = (: J 2) d 


9 
“4 


where a and b are the lengths of the parallel sides respectively, and d their distance apart. 


Parallelogram. 

Area = (Base) X (Perpendicular height) 
Parabola. 

Area = 2/3 (Area of circumscribing rectangle) 
Cycloid. 


Area = 3/4 rz(Altitude)? 


the altitude being the diameter of the rolling circle. 
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Circle. 
Circumference = 2rr = 


Area = rr? = 


where r is the radius and d the diameter. 


2 
Area of segment _ (@ — sin @) 


where @ is the angle in radians (see Angles) subtended by the arc of the segment. If 7 is 
the height of the segment, measured along the radius perpendicular to the chord, 


Area of segment = mr? M — A(r — n) 


————_— 1 A 
where A= V n(2r —n) and M = —sin? (¢) 
180 Tr 


Ellipse. 
Area = zrab 


where a and 6 are the principal semi-axes. 
Prism with Parallel Sides and Parallel Ends. 


Volume = (Area of end) X (Perpendicular distance between ends) 


Right Circular Cylinder. 


Volume = — d?l 


us 
4 
where d is the diameter and / the length. 
Total surface of right cylinder = ad(l + 1/ed) 
Right Circular Cone. 


Volume = 1/3 (Area of base) X (Height) 


1/3 (Volume of circumscribing cylinder) 


where 7 is the radius of base and A the height of the cone. 
Area of curved surface of a right circular cone = ar Vk? 4+ 72 
Right Pyramid. 
Volume = 1/3 (Area of base) X (Height). 
Volume of frustum of pyramid = 1/3 (Height) (A + Vv aA) 


where A and a are the areas of the ends respectively. 
Sphere. 
r = radius 


Area of surface = 4rr? = 2/3 (total area of circumscribing cylinder) 


Area of the surface of a zone of a sphere = area of zone of the same height as this zone 
projected on to a cylinder. 


Volume = 4/3 zr = 2/3 (volume of circumscribing cylinder) 


Volume of a frustum of a sphere = m7(k + h) — . (k® + h’), where k is the distance 


of its outer face from center and h the distance of its inner face from the center, the nega- 
tive signs in the brackets to be used if both faces are on the same side of the center and 
the positive signs if on opposite sides of the center. 
Ellipsoid. 
Volume = 4/3 xabe 
where a, b, and ¢ are the three principal semi-axes, respectively. 


Paraboloid. Volume of a paraboloid of revolution equals one-half that of the circum- 
scribing cylinder. 
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11. COMMON AND NATURAL LOGARITHMS OF NUMBERS 


The common logarithm of a number is the index of the power to which the base 10 
must be raised in order to equal the number. 

The common logarithm of every positive number not an integral power of 10 consists 
of an integral and a decimal part. The integral part or whole number is called the charac- 
teristic and may be either positive or negative. ‘The decimal or fractional part is a positive 
pee called the mantissa and is the same for all numbers which have the same sequential 

igits. 

The characteristic of the logarithm of any positive number greater than one is positive 
and is one less than the number of digits before the decimal point. 

The characteristic of the logarithm of any positive number less than one is negative 
and is one more than the number of ciphers immediately after the decimal point. 

A negative number or number less than zero has no real logarithm. 


Exampues: Logio 25400. = 4.404834 Logi 0.0254 = 2.404834 or 8.404834 — 10 


The two systems of logarithms in general use are the common or Briggsian logarithms, 
introduced in 1615 by Henry Briggs, a contemporary of John Napier, the inventor of 
logarithms, and the natural or less appropriately termed Napierian or hyperbolic loga- 
rithms, which developed somewhat accidentally from Napier’s original work. The latter 
have a base denoted by e, an irrational number, which is: 


e= Limyen (1 +2)" =1+1+2+24254... = 2.7182818 
uo il ty apap bayt se 2. 


_To obtain the natural logarithm, the common logarithm given below is multiplied 
by loge 10 which is 2.302585, or loge N = 2.302585 logio NV. 


N (1) 1 2 3 4 5 6 7 8 9 
0 000000 301030 477121 | 602060 | 698970 | 778151 | 845098 | 903090 | 954243 
1 | 000000 | 041393 | 079181 | 113943 | 146128 | 176091 | 204120 | 230449 | 255273 | 278754 
2 | 301030 | 322219 | 342423 | 361728 | 380211 | 397940 | 414973 | 431364 | 447158 | 462398 
3 | 477121 | 491362 | 505150 | 518514 | 531479 | 544068 | 556303 | 568202 | 579784 | 591065 
4 | 602060 | 612784 | 623249 | 633468 | 643453 | 653213 | 662758 | 672098 | 681241 | 690196 
5 | 698970 | 707570 | 716003 | 724276 | 732394 | 740363 | 748188 | 755875 | 763428 | 770852 
6 | 778151 | 785330 | 792392 | 7$9341 | 806180 | 812913 | 819544 | 826075 | 832509 | 838849 
7 | 845098 | 851258 | 857332 | 863323 | 869232 | 875061 | 880814 | 886491 | 892095 | 897627 
8 | 903090 | 908485 | 913814 | 919078 | 924279 | 929419 | 934498 | 939519 | 944483 | 949390 
9 | 954243 | 959041 | 963788 | 968483 | 973128 | 977724 | 982271 | 986772 | 991226 | 995635 


000009 | 004321 | 008600 | 012837 | 017033 | 021189 | 025306 | 029384 | 033424 | 037426 


10 
1 | 041393 | 045323 | 049218 | 053078 | 056905 | 060698 | 064458 | 068186 | 071882 | 075547 
2 | 079181 | 082785 | 086360 | 089905 | 093422 | 096910 | 100371 | 103804 | 107210 | 110590 
3 | 113943 | 117271 | 120574 | 123852 | 127105 | 130334 | 133539 | 136721 | 139879 | 143015 
4 | 146128 | 149219 | 152288 | 155336 | 158362 | 161368 | 164353 | 167317 | 170262 | 173186 
5 | 176091 | 178977 | 181844 | 184691 | 187521 | 190332 | 193125 | 195900 | 198657 | 201397 
6 | 204120 | 206826 | 209515 | 212188 | 214844 | 217484 | 220108 | 222716 | 225309 | 227887 
7 | 230449 | 232996 | 235528 | 238046 | 240549 | 243038 | 245513 | 247973 | 250420 | 252853 
8 | 255273 | 257679 | 260071 | 262451 | 264818 | 267172 | 269513 | 271842 | 274158 | 276462 
9 | 278754 | 281033 | 283301 | 285557 | 287802 | 290035 | 292256 | 294466 | 296665 | 298853 

20 | 301030 | 303196 | 305351 | 307496 | 309630 | 311754 | 313867 | 315970 | 318063 | 320146 
1 | 322219 | 324282 | 326336 | 328380 | 330414 | 332438 | 334454 | 336460 | 338456 | 340444 
2 | 342423 | 344392 | 346353 | 348305 | 350248 | 352183 | 354108 | 356026 | 357935 | 359835 
3 | 361728 | 363612 | 365488 | 367356 | 369216 | 371068 | 372912 | 374748 | 376577 | 378398 
4 | 380211 | 382017 | 383815 | 385606 | 387390 | 389166 | 390935 | 392697 | 394452 | 396199 
5 |. 397940 | 399674 | 401401 | 403121 | 404834 | 406540 | 408240 | 409933 | 411620 | 413300 
6 | 414973 | 416641 | 418301 | 419956 | 421604 | 423246 | 424882 | 426511 | 428135 | 429752 
7 | 431364 | 432969 | 434569 | 436163 | 437751 | 439333 | 440909 | 442480 | 444045 | 445604 
8 | 447158 | 448706 | 450249 | 451786 | 453318 | 454845 | 456366 | 457882 | 459392 | 460898 
9 | 462398 | 465893 | 465383 | 466868 | 468347 | 469822 | 471292 | 472756 | 474216 | 475671 

30 | 477121 | 478566 | 48G007 | 481443 | 482874 | 484800 | 485721 | 487138 | 488551 | 489958 
1 | 491362 | 492760 | 494155 | 495544 | 496930 | 498311 | 499687 | 501059 | 502427 | 503791 
2 | 505150 | 506505 | 507856 | 509203 | 510545 | 511883 | 513218 | 514548 | 515874 | 517196 
3 | 518514 | 519828 | 521138 | 522444 | 523746 | 525045 | 526339 | 527630 | 528917 | 530200 
4 | 531479 | 532754 | 534026 | 535294 | 536558 | 537819 | 539076 | 540329 | 541579 | 542825 
5 | 544068 | 545307 | 546543 | 547775 | 549003 | 550228 |.551450 | 552668 | 553883 | 555094 


nn eerie ress renseernn nnn EERIE Ent 


eee ee ee ee es ee ee 


544068 | 545307 | 546543 | 547775 | 549003 | 550228 | 551450 | 552668 | 553883 | 555094 
556303 | 557507 | 558709 | 559907 | 561101 | 562293 | 563481 | 564666 | 565848 | 567026 


5 
6 
7 | 568202 } 569374 | 570543 | 571709 | 572872 | 574031 | 575188 | 576341 | 577492 | 578639 
8 | 579784 ] 580925 | 582063 | 583199 | 584331 | 585461 | 586587 | 587711 | 588832 | 589950 
9 | 591065 | 592177 | 593286 | 594393 | 595496 | 596597 | 597695 | 598791 | 599883 | 600973 


40 | 602060 | 603144 | 604226 | 605306 | 606381 | 607455 | 608526 | 609594 | 610660 | 611723 
1 | 612784 | 613842 | 614897 | 615950 | 617000 | 618048 | 619093 | 620136 | 621176 | 622214 
2 | 623249 | 624232 | 625312 | 626340 | 627366 | 628389 | 629410 | 630428 | 631444 | 632457 
3 | 633468 | 634477 | 635484 | 636488 | 637490 | 638489 | 639486 | 640481 | 641474 | 642465 
4 | 643453 | 644439 | 645422 | 646404 | 647383 | 648360 | 649335 | 650308 | 651278 | 652246 
5 | 653213 | 654177 | 655138 | 656098 | 657056 | 658011 | 658965 | 659916 | 660865 | 661713 
6 | 662758 | 663701 | 664642 | 665581 | 666518 | 667453 | 668386 | 669317 | 670246 | 671173 
7 | 672098 | 673021 | 673942 | 674861 | 675778 | 676694 | 677607 | 678518 | 679428 | 680336 
8 | 681241 | 682145 | 683047 | 683947 | 684845 | 685742 | 686636 | 687529 | 688420 | 689309 
9 | 690196 | 691081 | 691965 | 692847 | 693727 | 694605 | 695482 | 696356 | 697229 | 698100 

50 | 698970 | 699838 | 700704 | 701568 | 702431 | 703291 | 704151 | 705008 | 705864 | 706718 
1 | 707570 | 708421 | 709270 | 710117 | 710963 | 711807 | 712650 | 713491 | 714330 | 715167 
2 | 716003 | 716838 | 717671 | 718502 | 719331 | 720159 | 720986 | 721811 | 722634 | 723456 
3 | 724276 | 725095 | 725912 | 726727 | 727541 | 728354 | 729165 | 729974 | 730782 | 731589 
4 | 752394 | 733197 | 733999 | 734800 | 735599 | 736397 | 737193 | 737987 | 738781 | 739572 
5 | 740363 | 741152 | 741939 | 742725 | 743510 | 744293 | 745075 | 745855 | 746634 | 747412 
6 | 748188 | 748963 | 749736 | 750508 | 751279 | 752048 | 752816 | 753583 | 754348 | 755112 
7 | 755875 | 756636 | 757396 | 758155 | 758912 | 759668 | 760422 | 761176 | 761928 | 762679 
8 | 763428 | 764176 | 764923 | 765669 | 766413 | 767156 | 767898 | 768638 | 769377 | 770115 
9 | 770852 | 771587 | 7724322 | 773055 | 773786 | 774517 | 775246 | 775974 | 776701 | 777427 

60 | 778151 | 778874 | 779596 | 780317 | 781037 | 781755 | 782473 | 783189 | 783904 | 784617 
1 | 785330 | 786041 | 786751 | 787460 | 788168 | 788875 | 789581 | 790285 | 790988 | 791691 
2 | 792392 | 793092 | 793790 | 794488 | 795185 | 795880 | 796574 | 797268 | 797960 | 798651 
2 | 799341 | 800029 | 800717 | 801404 | 802089 | 802774 | 803457 | 804139 | 804821 | 805501 
4 | 806180 | 806858 | 807535 | 808211 | 808886 | 809560 | 810233 | 810904 | 811575 | 812245 
5 | 812913 | 813581 | 814248 | 814913 | 815578 | 816241 | 816904 | 817565 | 818226 | 818885 
6 | 819544 | 820201 | 820858 | 821514 | 822168 | 822822 | 823474 | 824126 | 824776 | 825426 
7 | 826075 | 826723 | 827369 | 828015 | 828660 | 829304 | 829947 | 830589 | 831230 | 831870 
8 | 832509 | 833147 | 833784 | 834421 | 835056 | 835691 | 835324 | 836957 | 837588 | 838219 
9 | 838849 | 839478 | 840106 | 840733 | 841359 | 841985 | 842609 | 843233 | 843855 | 844477 

70 | 845098 | 845718 | 845337 | 846955 | 847573 | 843189 | 848805 | 849419 | 850033 | 850646 
1 | 851258 | 851870 | 852480 | 853090 | 853698 | 854306 | 854913 | 855519 | 856124 | 856729 
2 | 857332 | 857935 | 858537 | 859138 | 859739 | 860338 | 860937 | 861534 | 862131 | 862728 
3 | 863323 | 863917 | 864511 | 865104 | 865696 | 866287 | 866878 | 867467 | 868056 | 868644 
4 | 869232 | 869818 | 870404 | 870989 | 871573 | 872156 | 872739 | 873321 | 873902 | 874482 
5 | 875061 | 875640 | 876218 | 876795 | 877371 | 877947 | 878522 | 879096 | 879669 | 880242 
6 | 880814 | 881385 | 881955 | 882525 | 883093 | 883661 | 884229 | 884795 | 885361 | 885926 
7 | 886491 | 887054 | 887617 | 888179 | 888741 | 889302 | 889862 | 890421 | 890980 | 891537 
8 | 892095 | 892651 | 893207 | 893762 | 894316 | 894870 | 895423 | 895975 | 896526 | 897077 
9 | 897627 | 898176 | 898725 | 899273 | 899821 | 900367 | 900913 | 901458 | 902003 | 902547 

80 | 903090 | 903633 | 904174 | 904716 | 905256 | 905796 | 906335 | 905874 | 907411 | 907949 
1 | 908485 } 909021 | 909556 | 910091 | 910624 | 911158 | 911690 | 912222 | 912753 | 913284 
2 | 913814 | 914343 | 914872 | 915400 | 915927 | 916454 | 916980 | 917506 | 918030 | 918555 
3 } 919078 | 919601 | 920123 | 920645 | 921166 | 921686 | 922206 | 922725 | 923244 | 923762 
4 | 924279 | 924796 | 925312 | 925828 | 926342 | 926857 | 927370 | 927883 | 928396 | 928908 
5 | 929419 | 929930 | 930440 | 930949 | 931458 | 931966 | 932474 | 932981 | 933487 | 933993 
6 | 934498 | 935003 | 935507 | 936011 | 936514 | 937016 | 937518 | 938019 | 938520 | 939020 
7 | 939519 | 940018 ; 940516 | 941014 | 941511 | 942008 | 942504 | 943000 | 943495 | 943989 
B | 944483 | 944976 | 945469 | 945961 | 946452 | 946943 | 947434 | 947924 | 948413 | 948902 
9 | 949390 | 949878 | 950365 | 950851 | 951338 | 951823 | 952308 | 952792 | 953276 | 953760 

90 | 954243 | 954725 | 955207 | 955688 | 956168 | 956649 | 95712& | 957607 | 958086 | 958564 
1 | 959041 | 959518 | 959995 | 960471 | 960946 | 961421 | 961895 | 962369 | 962843 | 963316 
2 | 963788 | 964260 | 964731 | 965202 | 965672 | 966142 | 966611 | 967080 | 967548 | 968016 
3 | 968483 | 968950 | 969416 | 969882 | 970347 | 970812 | 971276 | 971740 | 972203 | 972666 
4 | 973128 | 973590 | 974051 | 974512 | 974972 | 975432 | 975891 | 976350 | 976808 | 977266 
5 | 977724 | 978181 | 978637 | 979093 | 979548 | 980003 | 980458 | 980912 | 981366 | 981819 
6 | 982271 | 982723 | 983175 | 983626 | 984077 | 984527 | 984977 | 985426 | 985875 | 986324 
7 | 986772 | 987219 | 987666 | 988113 | 988559 | 989005 | 989450 | 989895 | 990339 | 990783 
8 | 991226 | 991669 | 992111 | 992554 | 992995 | 993436 | 993877 | 994317 | 994757 | 995196 
9 | 995635 | 996074 | 996512 | 996949 | 997386 | 997823 | 998259 | 998695 | 999131 | 999565 

100 | 000000 | 000434 | 000868 | 001301 | 001734 | 002166 | 002598 | 003029 | 003461 | 003891 


a 
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12. TRIGONOMETRIC TABLES 


1-21 


The following tables give the values of sin x, cos x, and tan x for values of xz from 0 to 
90° in intervals of 0.1 degree. 
the values can be determined from these tables for all values of x to an accuracy of 0.1 


degree. 


(See Trigonometric Formulas.) 


By making use of the periodic character of these functions, 


If the angle is given in radians multiply the number of radians by ae (57.295) to 
T 


obtain the number of degrees. 


Angle 


in 


Degrees 


13 


14 


15 


Function | 0.0 


0.1 


Trigorometric Functions 


Value of Function for Each Tenth of a Degree 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.0°-15.9° 


0.8 


0.9 


0.0000 
1.0000 
0.0000 


0.0175 
0.9998 
0.0175 


0.0349 
0.9994 
0.0349 


0.0523 
0.9986 
0.0524 


0.0698 
0.9976 
0.0699 


0.0872 
0.9962 
0.0875 


0.1045 
0.9945 
0.1051 


0.1219 
0.9925 
0.1228 


0.1392 
0.9903 
0.1405 


0. 1564 
0.9877 
0.1584 


0.1736 
0.9848 
0.1762 


0.1908 
0.9816 
0.1944 


0.2079 
0.9781 
0.2126 


0.2250 
0.9744 
0.2309 


0.2419 
0.9703 
0.2493 


0. 2588 
0.9659 
0.2679 


0.0017 
1.0000 
0.0017 


0.0192 
0.9998 
0.0192 


0.0366 
0.9993 
0.0367 


0.0541 
0.9985 
0.0542 


0.0715 
0.9974 
0.0717 


0.0889 
0.9960 
0.0892 


0.1063 
0.9943 
0.1069 


0.1236 
0.9923 
0.1246 


0.1409 
0.9900 
0.1423 


0.1582 
0.9874 
0.1602 


0.1754 
0.9845 
0.1781 


0.1925 
0.9813 
0.1962 


0.2096 
0.9778 
0.2144 


0.2267 
0.9740 
0.2327 


0.2436 
0.9699 
0.2512 


0.2605 
0.9655 
0.2698 


0.0035 
1.0000 
0.0035 


0.0209 
0.9998 
0.0209 


0.0384 
0.9993 
0.0384 


0.0558 
0.9984 
0.0559 


0.0732 
0.9973 
0.0734 


0.0906 
0.9959 
0.0910 


0.1080 
0.9942 
0.1086 


0.1253 
0.9921 
0.1263 


0.1426 
0.9898 
0.1441 


0.1599 
0.9871 
0.1620 


0.1771 
0.9842 
0.1799 


0.1942 
0.9810 
0.1980 


0.2113 
0.9774 
0.2162 


0.2284 
0.9736 
0.2345 


0.2453 
0.9694 
0.2530 


0.2622 
0.9650 
0.2717 


0.0052 
1.0000 
0.0052 


0.0227 
0.9997 
0.0227 


0.0401 
0.9992 
0.0402 


0.0576 
0.9983 
0.0577 


0.0750 
0.9972 
0.0752 


0.0924 
0.9957 
0.0928 


0.1097 
0.9940 
0.1104 


0.1271 
0.9919 
0.1281 


0.1444 
0.9895 
0.1459 


0.1616 
0.9869 
0.1638 


0.1788 
0.9839 
0.1817 


0.1959 
0.9806 
0.1998 


0.2130 
0.9770 
0.2180 


0.2300 
0.9732 
0.2364 


0.2470 
0.9690 
0.2549 


0.2639 
0.9646 
0.2736 


0.0070 
1.0000 
0.0070 


0.0244 
0.9997 
0.0244 


0.0419 
0.9991 
0.0419 


0.0593 
0.9982 
0.0594 


0.0767 
0.9971 
0.0769 


0.0941 
0.9956 
0.0945 


0.1115 
0.9938 
0.1122 


0.1288 
0.9917 
9.1299 


0.1461 
0.9893 
0.1477 


0. 1633 
0.9866 
0.1655 


0.1805 
0.9836 
0.1835 


0.1977 
0.9803 
0.2016 


0.2147 
0.9767 
0.2199 


0.2317 
0.9728 
0.2382 


0.2487 
0.9686 
0.2568 


0.2656 
0.9641 
0.2754 


0.0087 
1.0000 
0.0087 


0.0262 
0.9997 
0.0262 


0.0436 
0.9990 
0.0437 


0.0610 
0.9981 
0.0612 


0.0785 
0.9969 
0.0787 


0.0958 
0.9954 
0.0963 


0.1132 
0.9936 
0.1139 


0.1305 
0.9914 
0.1317 


0.1478 
0.9890 
0.1495 


0.1650 
0.9863 
0.1673 


0.1822 
0.9833 
0.1853 


0.1994 
0.9799 
0.2035 


0.2164 
0.9763 
0.2217 


0.2334 
0.9724 
0.2401 


0.2504 
0.9681 
0.2586 


0.2672 
0.9636 
0.2773 


0.0105 
0.9999 
0.0105 


0.0279 


0.9996 
0.0279 


0.0454 
0.9990 
0.0454 


0.0628 
0.9980 
0.0629 


0.0802 
0.9968 
0.0805 


0.0976 
0.9952 
0.0981 


0.1149 
0.9934 
0.1157 


0.1323 
0.9912 
0.1334 


0.1495 
0.9888 
0.1512 


0.1663 
0.9860 
0.1691 


0.1840 
0.9829 
0.1871 


0.2011 
0.9796 
0.2053 


0.2181 
0.9759 
0.2235 


0.2351 
0.9720 
0.2419 


0.2521 
0.9677 
0.2605 


0.2689 
0.9632 
0.2792 


0.0122 
0.9999 
0.0122 


0.0297 
0.9996 
0.0297 


0.0471 
0.9989 
0.0472 


0.0645 
0.9979 
0.0647 


0.0819 
0.9966 
0.0822 


0.0993 
0.9951 
0.0998 


0.1167 
0.9932 
0.1175 


0.1340 
0.9910 
0.1352 


0.1513 
0.9885 
0.1530 


0.1685 
0.9857 
0.1709 


0.1857 
0.9826 
0.1890 


0.2028 
0.9792 
0.2071 


0.2198 
0.9755 
0.2254 


0.2368 
0.9715 
0.2438 


0.2538 
0.9673 
0.2623 


0.2706 
0.9627 
0.2811 


0.0140 
0.9999 
0.0140 


0.0314 
0.9995 
0.0314 


0.0488 
0.9988 
0.0489 


0.0663 
0.9978 
0.0664 


0.0837 
0.9965 
0.0840 


0.1011 
0.9949 
0.1016 


0.1184 
0.9930 
0.1192 


0.1357 
0.9907 
0.1370 


0.1530 
0.9882 
0.1548 


0.1702 
0.9854 
0.1727 


0.1874 
0.9823 
0.1908 


0.2045 
0.9789 
0.2089 


0.2215 
0.9751 
0.2272 


0.2385 
0.9711 
0.2456 


0.2554 
0.9668 
0.2642 


0.2723 
0.9622 
0. 2830 


0.0157 
0.9999 
0.0157 


0.0332 
0.9995 
0.0332 


0.0506 
0.9987 
0.0507 


0.0680 
0.9977 
0.0682 


0.0854 
0.9963 
0.0857 


0.1028 
0.9947 
0.1033 


0.1201 
0.9928 
0.1210 


0.1374 
0.9905 
0.1388 


0.1547 
0.9880 
0.1566 


0.1719 
0.9851 
0.1745 


0.1891 
0.9820 
0.1926 


0.2062 
0.9785 
0.2107 


0.2232 
0.9748 
0.2290 


0.2402 
0.9707 
0.2475 


0.2571 
0.9664 
0.2661 


0.2740 
0.9617 
0.2849 


1-22 


Angle 
in 
PRGREY 
16 
17 
18 
i9 
20 
21 
22 
a3 
24 
25 
26 
27 
28 
29 
30 
81 
$2 
83 


84 


35 
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0.2756 
0.9613 
0.2867 


0.2924 
0.9563 
0.3057 


0.3090 
0.9511 
0.3249 


0.3256 
0.9455 
0.3443 


0.3420 
0.9397 
0.3640 


0.3584 
0.9336 
0.3839 


0.3746 
0.9272 
0.4040 


0.3907 
0.9205 
0.4245 


0.4067 
0.9135 
0.4452 


0.4226 
0.9063 
0.4663 


0.4384 
0.8988 
0.4877 


0.4540 
0.8910 
0.5095 


0.4695 
0.8829 
0.5317 


0.4848 
0.8746 
0.5543 


0.5000 
0.8660 
0.5774 


0.5150 
0.8572 
0.6009 


0.5299 
0.8480 
0.6249 


0.5446 
0.8387 
0.6494 


0.5592 
0.8290 
0.6745 


0.5736 
0.8192 
0.7002 


Trigonometric Functions 


Value of Function for Each Tenth of a Degree 


0.2 0.3 0.4 0.7 
0.2790 | 0.2807 | 9.2823 0.2874 
0.9603 | 0.9598 | 0.9593 0.9578 
0.2905 | 0.2924 | 0.2943 0.3000 
0.2957 | 0.2974 | 0.2990 0.3040 
0.9553 | 0.9548 | 0.9542 0.9527 
0.3096 | 0.3115 | 0.3134 0.3191 
0.3123 | 0.3140 | 0.3156 0.3206 
0.9500 | 0.9494 | 0.9489 0.9472 
0.3288 | 0.3307 | 0.3327 0.3385 
0.3289 | 0.3305 | 0.3322 0.3371 
0.9444 | 0.9438 | 0.9432 0.9415 
0.3482 | 0.3502 | 0.3522 0.3581 
0.3453 | 0.3469 | 0.3486 0.3535 
0.9385 | 0.9379 | 0.9373 0.9354 
0.3679 | 0.3699 | 0.3719 0.3779 
0.3616 | 0.3633 | 0.3649 0.3697 
0.9323 | 0.9317 | 0.9311 0.9291 
0.3879 | 0.3899 | 0.3919 0.3979 
0.3778 | 0.3795 | 0.3811 0.3859 
0.9259 | 0.9252 | 0.9245 0.9225 
0.4081 | 0.4101 | 0.4122 0.4183 
0.3939 | 0.3955 | 0.3971 0.4019 
0.9191 | 0.9184 | 0.9178 0.9157 
0.4286 | 0.4307 | 0.4327 0.4390 
0.4099 | 0.4115 | 0.4131 0.4179 
0.9121 | 0.9114 | 0.9107 0.9085 
0.4494 | 0.4515 | 0.4536 0.4599 
0.4258 | 0.4274 | 0.4289 0.4337 
0.9048 | 0.9041 | 0.9033 0.9011 
0.4706 | 0.4727 | 0.4748 0.4813 
0.4415 | 0.4431 | 0.4446 0.4493 
0.8973 | 0.8965 | 0.8957 0.8934 
0.4921 | 0.4942 | 0.4964 0.5029 
0.4571 | 0.4586 | 0.4602 0.4648 
0.8894 | 0.8886 | 0.8878 0.8854 
0.5139 | 0.5161 | 0.5184 0.5250 
0.4726 | 0.4741 | 0.4756 0.4802 
0.8813 | 0.8805 | 0.8796 0.8771 
0.5362 | 0.5384 | 0.5407 0.5475 
0.4879 | 0.4894 | 0.4969 0.4955 
0.8729 | 0.8721 | 0.8712 0.8686 
0.5589 | 0.5612 | 0.5635 0.5704 
0.5030 | 0.5045 | 0.5060 0.5105 
0.8643 | 0.8634 | 0.8625 0.8599 
0.5820 | 0.5844 | 0.5867 0.5938 
0.5180 | 9.5195 | 0.5210 0.5255 
0.8554 | 0.8545 | 0.8536 0.8508 
0.6056 | 0.6080 | 0.6104 0.6176 
0.5329 | 0.5344 | 0.5358 0.5402 
0.8462 | 0.8453 | 0.8443 0.8415 
0.6297 | 0.6322 | 0.6346 0.6420 
0.5476 | 0.5490 | 0.5505 0.5548 
0.8368 | 0.8358 ; 0.8348 0.8320 
0.6544 | 0.6569 | 0.6594 0.6669 
0.5621 | 0.5635 | 0.5650 0.5693 
0.8271 | 0.8261 | 0.8251 0.8221 
0.6796 | 0.6822 | 0.6847 0.6924 
0.5764 | 0.5779 | 0.5793 0.5835 
0.8171 | 0.8161 | 0.8151 0.8121 


0.7054 


0.7080 


0.7107 


0.71885 


16.0°-35.9° 


0.8 


0.2890 
0.9573 
0.3019 


0.3057 
0.9521 
0.3211 


0.3223 
0.9466 
0.3404 


0.3387 
0.9409 
0.3600 


0.3551 
0.9348 
0.3799 


0.3714 
0.9285 
0.4000 


0.3875 
0.9219 
0.4204 


0.4035 
0.9150 
0.4411 


0.4195 
0.9078 
0.4621 


0.4352 
0.9003 
0.4834 


0.4509 
0.8926 
0.5051 


0.4664 
0.8846 
0.5272 


0.4818 
0.8763 
0.5498 


0.4970 
0.8678 
0.5727 


0.5120 
0.8590 
0.5961 


0.5270 
0.8499 
0.6200 


0.5417 
0.8406 
0.6445 


0.5563 
0.8310 
0.6694 


0.5707 
0.8211 
0.6950 


0.5850 
0.811 
0.7212 


Angle 


in 


36 


37 


38 


39 


40 


41 


43 


44 


45 


46 


47 


49 


50 


61 


54 


cos 


sin 


tan 


0.5878 
0.8090 
0.7265 


0.6018 
0.7986 
0.7536 


0.6157 
0.7880 
0.7813 


0.6293 
0.7771 
0.8098 


0.6428 
0.7660 
0.8391 


0.6561 
0.7547 
0.8693 


0.6691 
0.7431 
0.9004 


0.6820 
0.7314 
0.9325 


0.6947 
0.7193 
0.9657 


0.7071 
0.7071 
1.0000 


0.7193 
0.6947 
1.0355 


0.7314 
0.6820 
1.0724 


0.7431 
0.6691 
1.1106 


0.7547 
0.6561 
1.1504 


0.7660 
0.6428 
1.1918 


0.7771 
0.6293 
1.2349 


0.7880 
0.6157 
1.2799 


0.7986 
0.6018 
1.3276 


0.8090 
0.5878 
1.3764 


0.8192 
0.5736 
1.4281 
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0.5892 
0.8080 
0.7292 


0.6032 
0.7976 
0.7563 


0.6170 
0.7869 
0.7841 


0.6307 
0.7760 
0.8127 


0.6441 
0.7649 
0.8421 


0.6574 
0.7536 
0.8724 


0.6704 
0.7420 
0.9036 


0.6833 
0.7302 
0.9358 


0.6959 
0.7181 
0.9691 


0.7083 
0.7059 
1.0035 


0.7206 
0.6934 
1.0392 


0.7325 
0.6807 
1.0761 


0.7443 
0.6678 
1.1145 


0.7559 
0.6547 
1.1544 


0.7672 
0.6414 
1.1960 


0.7782 
0.6280 
1.2393 


0.7891 
0.6143 
1.2846 


0.7997 
0.0004 
1.3319 


0.8100 
0.5864 
1.3814 


0.8202 
0.5721 
1.4335 


Trigonometric Functions 


Value of Function for Each Tenth of a Degree 


0.2 


0.7 


1-23 


36.0°-55.9° 


0.8 


0.5906 
0.8070 
0.7319 


0.6046 
0.7965 
0.7590 


0.6184 
0.7859 
0.7869 


0.6320 
0.7749 
0.8156 


0.6455 
0.7638 
0.8451 


0.6587 
0.7524 
0.8754 


0.6717 
0.7408 
0.9067 


0.6845 
0.7290 
0.9391 


0.6972 
0.7169 
0.9725 


0.7096 
0.7046 
1.0070 


0.7218 
0.6921 
1.0428 


0.7337 
0.6794 
1.0799 


0.7455 
0.6665 
1.1184 


0.7570 
0.6534 
1.1585 


0.7683 
0.6401 
1.2002 


0.7793 
0.6266 
1.2437 


0.7902 
0.6129 
1.2892 


0.8007 
0.5990 
1.3367 


0.8111 
0.5850 
1.3865 


0.8211 
0.5707 
1 4388 


0.5920 
0.8059 
0.7346 


0.6060 
0.7955 
0.7618 


0.6198 
0.7848 
0.7898 


0.6334 
0.7738 
0.8185 


0.6468 
0.7627 
0.8481 


0.6600 
0.7513 
0.8785 


0.6730 
0.7396 
0.9099 


0.6858 
0.7278 
0.9424 


0.6984 
0.7157 
0.9759 


0.7108 
0.7034 
1.0105 


0.7230 
0.6909 
1.0464 


0.7349 
0.6782 
1.0837 


0.7466 
0.6652 
1.1224 


0.7581 
0.6521 
1.1626 


0.7694 
0.6388 
1.2045 


0.7804 
0.6252 
1.2482 


0.7912 
0.6115 
1.2938 


0.8018 
0.5976 
1.3416 


0.8121 
0.5835 
1.3916 


0.8221 
0.5693 
1.4442 


0.5934 
0.8049 
0.7373 


0.6074 
0.7944 
0.7646 


0.6211 
0.7837 
0.7926 


0.6347 
0.7727 
0.8214 


0.6481 
0.7615 
0.8511 


0.6613 
0.7501 
0.8816 


0.6743 
0.7385 
0.9131 


0.6871 
0.7266 
0.9457 


0.6997 
0.7145 
0.9793 


0.7120 
0.7022 
1.0141 


0.7242 
0.6896 
1.0501 


0.7361 
0.6769 
1.0875 


0.7478 
0.6639 
1.1263 


0.7593 
0.6508 
1.1667 


0.7705 
0.6374 
1.2088 


0.7815 
0.6239 
1.2527 


0.7923 
0.6101 
1.2985 


0.8028 
0.5962 
1.3465 


0.8131 
0.5821 
1.3968 


0.8231 
0.5678 
1.4496 


0.5948 
0.8039 
0.7400 


0.6088 
0.7934 
0.7673 


0.6225 
0.7826 
0.7954 


0.6361 
0.7716 
0.8243 


0.6494 
0.7604 
0.8541 


0.6626 
0.7490 
0.8847 


0.6756 
0.7373 
0.9163 


0.6884 
0.7254 
0.9499 


0.7009 
0.7133 
0.9827 


0.7133 
0.7009 
1.0176 


0.7254 
0.6884 
1.0538 


0.7373 
0.6756 
1.0913 


0.7490 
0.6626 
1.1303 


0.7604 
0.6494 
1.1708 


0.7716 
0.6361 
1.2131 


&.7826 
0.6225 
1.2572 


0.7934 
0.6088 
1.3032 


0.8039 
0.5948 
1.3514 


0.8141 
0.5807 
1.4019 


0.8241 
0.5664 
1.4550 


0.5976 
0.8018 
0.7454 


0.6115 
0.7912 
0.7729 


0.6252 
0.7804 
0.8012 


0.6388 
0.7694 
0.8302 


0.6521 
0.7581 
0.8601 


0.6653 
0.7466 
0.8910 


0.6782 
0.7349 
0.9228 


0.6909 
0.7230 
0.9556 


0.7034 
0.7108 
0.9896 


0.7157 
0.6984 
1.0247 


0.7278 
0.6858 
1.0612 


0.7396 
0.6730 
1.0990 


0.7513 
0.6600 
1, 1383 


0.7627 
0.6468 
1.1792 


0.7738 
0.6334 
1.2218 


0.7848 
0.6198 
1.2662 


0.7955 
0.6060 
1.3127 


0.8059 
0.5920 
1.3613 


0.8161 
0.5779 
1.4124 


0.8261 
0.5635 
1.4659 


0.5990 
0.8007 
0.7481 


0.6129 
0.7902 
0.7757 


0.6266 
0.7793 
0.8040 


0.6401 
0.7683 
0.8332 


0.6534 
0.7570 
0.8632 


0.6665 
0.7455 
0.8941 


0.6794 
0.7337 
0.9260 


0.6921 
0.7218 
0.9590 


0.7046 
0.7096 
0.9930 


0.7169 
0.6972 
1.0283 


0.7290 
0.6845 
1.0649 


0.7408 
0.6717 
1.1028 


0.7524 
0.6587 
1.1423 


0.7638 
0.6455 
1.1833 


0.7749 
0.6320 
1.2261 


0.7859 
0.6184 
1.2708 


0.7965 
0.6046 
1.3175 


0.8070 
0.5906 
1.3663 


0.8171 
0.5764 
1.4176 


0.8271 
0.5621 
1.4715 


1-24 MATHEMATICS, UNITS, AND SYMBOLS 


Trigonometric Functions 56.0°-75.9° 


Angle Name Value of Function for Each Tenth of a Degree 
in of 
Degrees | Function} 0.0 0.1 0.2 0.3 


| o6 | o7 | o8 | o9 


0.8290 | 0.8300 | 0.8310 | 0.8320 | 0.8329 | 0.8339 | 0.8348 | 0.8358 | 0.8368 | 0.8377 
0.5592 | 0.5577 | 0.5563 | 0.5548 | 0.5534 | 0.5519 | 0.5505 | 0.5490 | 0.5476 | 0.5461 
1.4826 | 1.4882 | 1.4938 | 1.4994 | 1.5051 | 1.5108 | 1.5166 | 1.5224 | 1.5282 | 1.5340 


0.8387 | 0.8396 | 0.8406 | 0.8415 | 0.8425 | 0.8434 | 0.8443 | 0.8453 | 0.8462 | 0.8471 
0.5446 | 0.5432 | 0.5417 | 0.5402 | 0.5388 | 0.5373 | 0.5358 | 0.5344 | 0.5329 | 0.5314 
1.5399 | 1.5458 | 1.5517 | 1.5577 | 1.5637 | 1.5697 | 1.5757 | 1.5818 | 1.5880 | 1.5941 


0.8480 | 0.8490 | 0.8499 | 0.8508 | 0.8517 | 0.8526 | 0.8536 | 0.8545 | 0.8554 | 0.8562 
0.5299 | 0.5284 | 0.5270 | 0.5255 | 0.5240 | 0.5225 | 0.5210 | 0.5195 | 0.5180 | 0.5165 
1.6003 | 1.6066 | 1.6128 | 1.6191 | 1.6255 | 1.6319 | 1.6383 | 1.6447 | 1.6512 | 1.6577 


0.8572 | 0.8581 | 0.8590 | 0.8599 | 0.8607 | 0.8616 | 0.8625 | 0.8634 | 0.8643 | 0.8652 
0.5150 | 0.5135 | 0.5120 | 0.5105 | 0.5090 | 0.5075 | 0.5060 | 0.5045 | 0.5030 | 0.5015 
1.6643 | 1.6709 | 1.6775 | 1.6842 | 1.6909 | 1.6977 | 1.7045 | 1.7113 | 1.7182 | 1.7251 


0.8660 | 0.8669 | 0.8678 | 0.8686 | 0.8695 | 0.8704 | 0.8712 | 0.8721 | 0.8729 | 0.8738 
0.5000 | 0.4985 | 0.4970 | 0.4955 | 0.4939 | 0.4924 | 0.4909 | 0.4894 | 0.4879 | 0.4863 
1.7321 | 1.7391 | 1.7461 | 1.7532 | 1.7603 | 1.7675 | 1.7747 | 1.7820 | 1.7893 | 1.7966 


0.8746 | 0.8755 | 0.8763 | 0.8771 | 0.8780 | 0.8788 | 0.8796 | 0.8805 | 0.8813 | 0.8821 
0.4848 | 0.4833 | 0.4818 | 0.4802 | 0.4787 | 0.4772 | 0.4756 | 0.4741 | 0.4726 | 0.4710 
1.8040 | 1.8115 | 1.8190 | 1.8265 | 1.8341 | 1.8418 | 1.8495 | 1.8572 | 1.8650 | 1.8728 


0.8829 | 0.8838 | 0.8846 | 0.8854 | 0.8862 | 0.8870 | 0.8878 | 0.8886 | 0.8894 | 0.8902 
0.4695 | 0.4679 | 0.4664 | 0.4648 | 0.4633 | 0.4617 | 0.4602 | 0.4586 | 0.4571 | 0.4555 
1.8807 | 1.8837 | 1.8967 | 1.9047 | 1.9128 | 1.9210 | 1.9292 | 1.9375 | 1.9458 | 1.9542 


0.8910 | 0.8918 | 0.8926 | 0.8934 | 0.8942 | 0.8949 | 0.8957 | 0.8965 | 0.8973 | 0.8980 
0.4540 | 0.4524 | 0.4509 | 0.4493 | 0.4478 | 0.4462 | 0.4446 | 0.4431 | 0.4415 | 0.4399 
1.9626.) 1.9711 | 1.9797 | 1.9883 | 1.9970 | 2.0057 | 2.0145 | 2.0233 | 2.0323 | 2.0413 


0.8988 | 0.8996 | 0.9003 | 0.9011 | 0.9018 | 0.9026 | 0.9033 | 0.9041 | 0.9048 | 0.9056 
0.4384 | 0.4368 | 0.4352 | 0.4337 | 0.4321 | 0.4305 | 0.4289 | 0.4274 | 0.4258 | 0.4242 
2.0503 | 2.0594 | 2.0686 | 2.0778 | 2.0872 | 2.0965 | 2.1060 | 2.1155 | 2.1251 | 2.1348 


0.9063 | 0.9070 | 0.9078 | 0.9085 | 0.9092 | 0.9100 | 0.9107 | 0.9114 | 0.9121 | 0.9128 
0.4226 | 0.4210 | 0.4195 | €.4179 | 0.4163 | 0.4147 | 0.4131 | 0.4115 | 0.4099 | 0.4083 
2.1445 | 2.1543 | 2.1642 | 2.1742 | 2.1842 | 2.1943 | 2.2045 | 2.2148 | 2.2251 | 2.2355 


0.9135 | 0.9143 | 0.9150 | 0.9157 | 0.9164 | 0.9171 | 0.9178 | 0.9184 | 0.9191 | 0.9198 
0.4067 | 0.4051 | 0.4035 | 0.4019 | 0.4003 | 0.3987 | 0.3971 | 0.3955 | 0.3939 | 0.3923 
2.2460 | 2.2566 | 2.2673 | 2.2781 | 2.2889 | 2.2998 | 2.3109 | 2.3220 | 2.3332 | 2.3445 


0.9205 | 0.9212 | 0.9219 | 0.9225 | 0.9232 | 0.9239 | 0.9245 | 0.9252 | 0.9259 | 0.9265 
0.3907 | 0.3891 | 0.3875 | 0.3859 | 0.3843 | 0.3827 | 0.3811 | 0.3795 | 0.3778 | 0.3762 
2.3559 | 2.3673 | 2.3789 | 2.3906 | 2.4023 | 2.4142 | 2.4262 | 2.4383 | 2.4504 | 2.4627 


0.9272 | 0.9278 | 0.9285 | 0.9291 | 0.9298 | 0.9304 | 0.9311 | 0.9317 | 0.9323 | 0.9330 
0.3746 | 0.3730 | 0.3714 | 0.3697 | 0.3681 | 0.3665 | 0.3649 | 0.3633 | 0.3616 | 0.3600 
2.4751 | 2.4876 | 2.5002 | 2.5129 | 2.5257 | 2.5386 | 2.5517 | 2.5649 | 2.5782 | 2.5916 


0.9336 | 0.9342 | 0.9348 | 0.9354 | 0.9361 | 0.9367 | 0.9373 | 0.9379 | 0.9385 | 0.9391 
0.3584 | 0.3567 | 0.3551 | 0.3535 | 0.3518 | 0.3502 | 0.3486 | 0.3469 | 0.3453 | 0.3437 
2.6051 | 2.6187 | 2.6325 | 2.6464 | 2.6605 | 2.6746 | 2.6889 | 2.7034 | 2.7179 | 2.7326 


0.9397 | 0.9403 | 0.9409 | 0.9415 | 0.9421 | 0.9426 | 0.9432 | 0.9438 | 0.9444 | 0.9449 
0.3420 | 0.3404 | 0.3387 | 0.3371 | 0.3355 | 0.3338 | 0.3322 | 0.3305 | 0.3289 | 0.3272 
2.7475 | 2.7625 | 2.7776 | 2.7929 | 2.8083} 2.8239 | 2.8397 | 2.8556 | 2.8716 | 2.8878 


0.9455 | 0.9461 | 0.9466 | 0.9472 | 0.9478 | 0.9483 | 0.9489 | 0.9494 | 0.9500 | 0.9505 
0.3256 | 0.3239 | 0.3223 | 0.3206 | 0.3190 | 0.3173 | 0.3156 | 0.3140 | 0.3123 | 0.3107 
2.9042 | 2.9208 | 2.9375 | 2.9544 | 2.9714 |\2.9887 | 3.0061 | 3.0237 | 3.0415 | 3.0595 


0.9511 | 0.9516 | 6.9521 | 0.9527 | 0.9532 | 0.9537 | 0.9542 | 0.9548 | 0.9553 | 0.9558 
0.3090 | 0.3074 | 0.3057 | 0.3040 | 0.3024 | 0.3007 | 0.2990 | 0.2974 | 0.2957 | 0.2940 
3.0777 | 3.0961 | 3.1146 | 3.1334 | 3.1524 | 3.1716 | 3.1910 | 3.2106 | 3.2305 | 3.2506 


0.9563 | 0.9568 | 0.9573 | 0.9578 | 0.9583 | 0.9588 | 0.9593 | 0.9598 | 0.9603 | 0.9608 
0.2924 | 0.2907 | 0.2890 | 0.2874 | 0.2857 | 0.2840 | 0.2823 | 0.2807 | 0.2790 | 0.2773 
3.2709 | 3.2914 | 3.3122 | 3.3332 | 3.3544 | 3.3759 | 3.3977 | 3.4197 | 3.4420 | 3.4646 


0.9613 | 0.9617 | 0.9622 | 0.9627 | 0.9632 | 0.9636 | 0.9641 | 0.9646 | 0.9650 | 0.9655 
0.2756 | 0.2740 | 0.2723 | 0.2706 | 0.2689 | 0.2672 | 0.2656 | 0.2639 | 0.2622 | 0.2605 
3.4874 | 3.5105 | 3.5339 | 3.5576 | 3.5816 | 3.6059 | 3.6305 | 3.6554 | 3.6806 | 3.7062 


0.9659 | 0.9664 | 0.9668 | 0.9673 | 0.9677 | 0.9681 | 0.9686 | 0.9690 | 0.9694 | 0.9699 
0.2588 | 0.2571 | 0.2554 | 0.2538 | 0.2521 | 0.2504 | 0.2487 | 0.2470 | 0.2453 | 0.2436 
3.7321 | 3.7583 | 3.7848 | 3.8118 | 3.8391 | 3.8667 | 3.8947 | 3.9232 | 3.9520 | 3.9812 


56 


57 


58 


59 


60 


61 


62 


63 


64 


66 


67 


68 


69 


70 


71 


12 


73 


14 


75 


TRIGONOMETRIC TABLES 1-25 


Trigonometric Functions 76.0°-89.9° 
ee RS i a Se 
Angle Name Value of Function for Each Tenth of a Degree 


0.6 0.7 0.8 0.9 


Degrees | Function} 0.0 0.1 0.2 0.3 


sin | 0.9703] 0.9707] 0.9711] 0.9715 0.9724] 0.9728 0.9732} 0.9736] 0.9740 
76 cos | 0.2419] 0.2402] 0.2385] 0.2368 0.2334) 0.2317} 0.2300] 0.2284] 0.2267 
tan | 4.0108} 4.0408} 4.0713] 4.1022] 4.1335] 4.1653] 4.1976] 4.2303] 4.2635] 4.2972 

sin | 0.9744) 0.9748] 0.9751] 0.9755] 0.9759 0.9763] 0.9767] 0.9770| 0.9774| 0.9778 

77 cos | 0.2250] 0.2232] 0.2215] 0.2198 0.2164) 0.2147] 0.2130] 0.2113] 0.2096 
tan | 4.3315) 4.3662} 4.4015] 4.4374 4.5107] 4.5483} 4.5864] 4.6252| 4.6646 

sin | 0.9781] 0.9785] 0.9789] 0.9792] 0.9796 0.9799] 0.9803] 0.9806] 0.9810] 0.9813 

78 cos | 0.2079) 0.2062} 0.2045] 0.2028 0.1994] 0.1977} 0.1959] 0.1942] 0.1925 
tan | 4.7046] 4.7453] 4.7867] 4.8288] 4.8714 4.9152| 4.9594] 5.0045] 5.0504] 5.0970 

sin | 0.9816 0.9820] 0.9823] 0.9826] 0.9829] 0.9833] 0.9836] 0.9839] 0.9842] 0.9845 

79 cos | 0.1908] 0.1891) 0.1874) 0.1857] 0.1840} 0.1822} 0.1805] 0.1788] 0.171] 0.1754 
tan | 5.1446 5.1929] 5.2422] 5.2924] 5.3435] 5.3955) 5.4486] 5.5026] 5.5578] 5.6140 

sin | 0.9848} 0.9851] 0.9854) 0.9857] 0.9860, 0.9863] 0.9866] 0.9869] 0.9871] 0.9874 

80 cos | 0.1736] 0.1719} 0.1702} 0.1685) 0.1668 0.1650] 0.1633] 0.1616] 0.1599] 0.1582 
tan | 5.6713] 5.7297} 5.7894| 5.8502] 5.9124 5.9758] 6.0405] 6.1066] 6.1742 6.2432 

sin | 0.9877} 0.9880] 0.9882} 0.9885] 0.9888 0.9890} 0.9893] 0.9895} 0.9898] 0.9900 

81 cos | 0.1564) 0.1547] 0.1530] 0.1513 0.1478] 0.1461] 0.1444] 0.1426] 0.1409 
tan | 6.3138] 6.3859] 6.4596] 6.5350] 6.6122) 6.6912| 6.7720| 6.8548] 6.9395] 7.0264 

sin | 0.9903} 0.9905] 0.9907] 0.9910} 0.9914 0.9914] 0.9917} 0.9919] 0.9921] 0.9923 

82 cos | 0.1392] 0.1374] 0.1357] 0.1340] 0.1323] 0.1305) 0.1288] 0.1271] 0.1253] 0.1236 
tan | 7.1154) 7.2066] 7.3002) 7.3962] 7.4947, 7.5958] 7.6996] 7.8062) 7.9158] 8.0285 

sin | 0.9925] 0.9928] 0.9930] 0.9932} 0.9934 0.9936] 0.9938] 0.9940] 0.9942] 0.9943 

83 cos | 0.1219] 0.1201} 0.1184] 0.1167} 0.1149 0.1132] 0.1115] 0.1097] 0.1080] 0. 1063 
tan | 8.1443) 8.2636] 8.3863/ 8.5126 8.6427, 8.7769] 8.9152] 9.0579] 9.2052| 9.3572 

sin | 0.9945) 0.9947} 0.9949] 0.9951] 0.9952] 0.9954] 0.9956] 0.9957] 0.9959] 0.9960 

84 cos | 0.1045] 0.1028} 0.1011] 0.0993) 0.0974 0.0958] 0.0941] 0.0924] 0.0906] 0.0889 
tan | 9.5144] 9.6768} 9.8448] 10.02 | 10.20 | 10.39 | 10.58 | 10.78 | 10.99 | 11.20 

sin | 0.9962] 0.9963] 0.9965] 0.9966} 0.9968 0.9969] 0.9971] 0.9972] 0.9973] 0.9974 

85 cos | 0.0872} 0.0854} 0.0837} 0.0819) 0.0802] 0.0785] 0.0767} 0.0750 0.0732| 0.0715 
tan | 11.43 | 11.66 | 11.91 | 12.16 | 12.43 | 12.71 | 13.00 | 13.30 | 13.62 | 13.95 

sin | 0.9976] 0.9977} 0.9978] 0.9979] 0.9980] 0.9981] 0.9982} 0.9983] 0.9984] 0.9985 

86 cos | 0.0698} 0.0680} 0.0663} 0.0645] 0.0628 0.0610] 0.0593] 0.0576] 0.0558| 0.0541 
14.30 | 14.67 | 15.06 | 15.89 16.35 | 16.83 | 17.34 | 17.89 | 18.46 

0.9986| 0.9987} 0.9988] 0.9989 0.9990] 0.9991} 0.9992} 0.9993] 0.9993 

87 cos | 0.0523) 0.0506} 0.0488] 0.0471] 0.0454 0.0436] 0.0419] 0.0401] 0.0384] 0.0366 
tan | 19.08 | 19.74 | 20.45 | 21.20 | 22.02 | 22.90 | 23.86 | 24.90 | 26.03 | 27.27 

sin | 0.9994} 0.9995} 0.9995] 0.9996] 0.9996 0.9997) 0.9997] 0.9997] 0.9998] 0.9998 

88 cos | 0.0349] 0.0332] 0.0314} 0.0297 0.0279 0.0262] 0.0244) 0.0227| 0.0209] 0.0192 
tan | 28.64 | 30.14 | 31.82 | 33.69 | 35.80 | 38.19 | 40.92 | 44.07 | 47.74 | 52.08 

sin | 0.9998] 0.9999] 0.9999] 0.9999] 0.9999] 1.000] 1.000} 1.000 | 1.000] 1.000 

89 0.0175] 0.0157} 0.0140] 0.0122] 0.0105| 0.0087) 0.0070] 0.0052] 0.0035] 0.0017 


57.29 | 63.66 | 71.62 | 81.85 143.2 1191.0 {286.5  |573.0 
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13. EXPONENTIAL AND HYPERBOLIC TABLES 


The following tables give values of e*, e~”, sinh z, cosh x and tanh z for values of x 
from 0.00 to 6.00 in intervals of 0.01. 

To facilitate computations involving multiplication, the common logarithms of e”, 
sinh x, cosh z, and tanh zx are also given. 

For values of x greater than 6, e” may be computed from the relationship e? = log~! 
(z logio e) = log 0.434292; e—* approaches zero; sinh z and cosh x are approximately 
equal and become 0.5 e”; and tanh z and coth x have values approximately equal to unity. 

Where more accurate values of the exponentials and functions are required they may 
be computed from the following relationships. 


e = 2.71828 18285 i = 0.36787 94412 
1 
M = logio e = 0.43429 44819 i = loge 10 = 2.30258 50936 
& = log! Mx: e* = log—! — Mz 
fener ; +e é—e~ 
sinh « = ——>— Gesls = —— can) oie eh Ga 
1 1 1 
esch x = ae sech « = aes cothz = anh 
4 
|_| mG | i Pa] 
| 1 Yt i 
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Hyperbolic Radians (x) 
Chart of the Hyperbolic Functions. 
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EXPONENTIAL AND HYPERBOLIC TABLES 


Natural Values 


Tanh z 


-00000 


.01000 
. 92000 
- 02999 


. 03998 
. 04996 
. 95993 


- 06989 
. 07983 
. 08976 


. 09967 


- 10956 
2 11943 
. 12927 


. 13909 
. 14889 
. 15865 


. 16838 
. 17808 
. 18775 


.19738 


- 20697 
- 21652 
. 22603 


. 23550 
- 24492 
- 25430 


. 26362 
. 27291 
. 28213 


.29131 


. 30044 
- 30951 
- 31852 


. 32748 
. 33638 
«34521 


noD309 
. 36271 
. 37136 


. 87995 


. 38847 
. 39693 
- 40532 


. 41364 
-42190 
. 43008 


43820 
144624 
145422 


- 46212 


-46995 
.47770 
. 48538 


. 49299 
- 50052 
. 50798 


- 51536 
. 52267 
. 52990 


. 53705 


g' 


Common Logarithms 


eX 


0.00000 


505212 
+ 05646 


. 06080 
- 06514 
. 06949 


- 07383 
.07817 
- 08252 


0.08686 


-909120 
09554 
. 09989 


. 10423 
- 10857 
- 11292 


.11726 
. 12160 
. 12595 


0.13029 


. 13463 
. 13897 
. 14332 


. 14766 
. 15200 
- 15635 


. 16069 
. 16503 
. 16937 


0.17372 


. 17806 
. 18240 
. 18675 


. 19109 
. 19543 
. 19978 


. 20412 
- 20846 
. 21280 


0.21715 


. 22149 
. 22583 
. 23018 


. 23452 
. 23886 
. 24320 


«24755 
. 25189 
. 25623 


0.26058 


. 14755 
~17772 
. 20597 


. 23254 
- 25762 
. 28136 


1.30392 


- 32541 
- 34592 
- 36555 


- 38437 
- 40245 
- 41986 


- 43663 
- 45282 
- 46847 


1.48362 


- 49830 
-51254 
. 52637 


- 53981 
- 55290 
- 56564 


. 57807 
-59019 
- 60202 


1.61358 


- 62488 
. 63594 
- 64677 


- 65738 
. 66777 
- 67797 


. 68797 
- 69779 
- 70744 


1.71692 


. 72624 
. 73540 
74442 


. 75330 
. 76204 
.77065 


77914 
. 78751 
.79576 


1.80390 


Cosh x 


0.00000 


- 00002 
. 00009 
. 00020 


. 00035 
. 00054 
. 00078 


. 00106 
. 00139 
- 00176 


0.00217 


. 00262 
. 00312 
. 00366 


. 00424 
. 00487 
- 00554 


- 00625 
. 00700 
. 00779 


0.00863 


- 00951 
. 01043 
- 01139 


. 01239 
. 01343 
.01452 


01564 
- 01681 
. 01801 


0.01926 


.02054 
- 02107 
. 02323 


- 02463 
. 02607 
.02755 


. 02907 
. 03063 
. 03222 


0.03385 


. 03552 
. 03723 
- 03897 


.04075 
"04256 
104441 


. 04630 
. 04822 
. 05018 


0.05217 


05419 
95625 
- 05834 


. 06046 
. 06262 
. 06481 


. 06703 
. 06929 
. 07157 


0.07389 
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Ee! 


Natural Values Common Logarithms 
zx 
e et Sinh x Cosh x Tanh z e® Sinh x Cosh x | Tanh x 

“0.60 | 1.8221 | .54881 | 0.6367 | 1.1855 | .53705 || 0.26058 | 1.80390 | 0.07389 | 1.73001 
: 4 54335 0.6485 1.1919 54413 . 26492 81194 07624 . 73570 
0-61) 1 3e05 | 783794 | ocecos | 111984 | 735113 || 26926| <el9e7| “ozsol | “gargs 
0.63 | 1.8776 | 253259 | 0.6725 | 12051 | 155805 || [27361 | :82770| :08102| °74667 
. 8965 52729 0. 6846 1.2119 . 56490 27795 . 83543 . 08346 ~75197 
nes 1.3983 .52205 0.6967 1.2188 57167 . 28229 . 84308 . 08593 .75715 
0.66 | 1.9348 .51685 0.7090 1.2258 . 57836 . 28663 . 85063 . 08843 . 76220 
1.9542 DLE 0.7213 1, 2330 58498 . 29098 . 85809 09095 76714 
ee 1.9739 50662 0.7336 1.2402 ~59152 29532 86548 09351 .77197 
0.69 | 1.9937 | 150158 | 0.7461 | 152476 | [59798 || :29966| ‘87278| ‘09609| °77669 
0.70 | 2.0138 .49659 0.7586 1.2552 -60437 0.30401 | 1.88000 0.09870 | 1.78130 
" 2.0340 49164 0.7712 1, 2628 61068 . 30835 . 88715 10134 . 78581 
O72 2.0544 48675 0.7838 1.2706 61691 31269 89423 . 10401 79022 
0.73 | 2.0751 48191 0.7966 1.2785 . 62307 31704 . 90123 . 10670 79453 
_74| 2.0959 | .47711 | 0.8094 | 1.2865 | .62915 || .32138| .90817| .10942| .79875 
O75 2.1170 47237 0.8223 1.2947 63515 32572 91504 ~11216 , 80288 
0.76 | 2.1383 46767 0.8353 1, 3030 - 64108 . 33006 ~92185 11493 . 80691 
EZ7al 2at5o8 . 46301 0.8484 1.3114 64693 33441 . 92859 11773 . 81086 
0-781 2.1815 | 24884) | 0.8615 | 1.3199 | 165271 || 133875] 1935271 “12052 “81472 
0.79 | 2.2034 ~ 45384 0.8748 1.3286 . 65841 . 34309 «94190 . 12340 81850 
0.89 | 2.2255 44933 0.8881 1.3374 .66404 0.34744 | 1.94846 0.12627 | 1.82219 
0.81 2.2479 44486 0.9015 1.3464 66959 35178 95498 zoids 82581 
0.82 | 2.2705 | .44043 | 0.9150 | 1.3555 | 167507 || [35612] :96144| 713209! ‘82935 
0.83 | 2.2933 - 43605 0.9286 1, 3647 . 68048 36046 96784 . 13503 . 83281 
0.84 | 2.3164 43171 0.9423 1.3740 . 68581 36481 . 97420 . 13800 , 83620 
0.85] 2.3396 42741 0.9561 1.3835 69107 36915 98051 . 14099 83952 
0.86 | 2.3632 42316 0.9700 1.3932 - 69626 . 37349 . 98677 . 14400 84277 
0.87 | 2.3869 | .41895 | 0.9840 | 1.4029 | .70137 || .377841 .99299| .14704| .84595 
0.88 | 2.4109 ~41478 0.9981 1.4128 . 70642 . 38218 99916 .- 15009 . 84906 
0.89 | 2.4351 - 41066 1.0122 1.4229 71139 38652 | 0.00528 15317 .85211 
0.90 | 2.4596 .40657 1.0265 1.4331 . 71630 0.39087 | 0.01137 | 0.15627 | 1.85509 
0.91 2.4843 -40252 1.0409 1.4434 Bee Abe) .39521 01741 15939 . 85801 
0.92] 2.5093 | 139852 | 1.0554 | 1.4539 | :72590 || 239955) 102341 | 116254| 186088 
0.93 | 2.5345 | 139455 | 1.0700 | 1.4645 | [73059 || :40389| [02937] ‘16570 | ‘86368 
0.94 | 2.5600 39063 1.0847 1.4753 73522 40824 - 03530 . 16888 . 86642 
0.95 | 2.5857 | [38674 | 1.0995 | 1.4862 | 73978 || °41258| ‘04119| ‘172081 ‘“geo10 
0.96} 2.6117 . 38289 1.1144 1.4973 . 74428 41692 - 04704 17531 . 87173 
0.97 | 2.6379 - 37908 1.1294 1,5085 . 74870 42127 05286 17855 87431 
0.98 | 2.6645 37531 1.1446 1.5199 75307 . 42561 05864 18181 _ 87683 
0.99 | 2.6912 37158 1.1598 1.5314 . 75736 42995 06439 . 18509 . 87930 
1.00 | 2.7183 . 36788 1.1752 1.5431 76159 0.43429 | 0.07011 | 0.18839 | 1. 88172 
1.01 2.7456 36422 1.1907 1.5549 . 76576 43864 . 07580 19171 . 88409 
E0290 257732 - 36059 1, 2063 1.5669 . 76987 ~ 44298 08146 . 19504 88642 
1.03 | 2.8011 .35701 1.2220 1.5790 77391 - 44732 . 08708 19839 88869 
1.04 | 2.8292 35345 1.2379 1.5913 . 77789 45167 09268 20176 89092 
1.05 | 2,8577 34994 1,2539 1.6038 78181 45601 09825 20515 89310 
1.06 | 2.8864 34646 1.2700 1.6164 . 78566 46035 . 10379 . 20855 89524 
1.07 | 2.9154 -34301 1.2862 1.6292 . 78946 46470 . 10930 21197 89733 
1.08 | 2.9447 . 33960 1.3025 1.6421 . 79320 46904 11479 21541 . 89938 
1.09 | 2.9743 . 33622 1.3190 1.6552 . 79688 . 47338 . 12025 21886 -90139 
1.10 | 3.0042 | .33287 | 1.3356 | 1.6685 | .80050 || 0.47772 | 0.12569 | 0.22233 | 1.90386 
1.11 | 3.0344 | 32956 | 1.3524 | 1.6820 | .80406 || .48207| .13111| .22582| .90529 
1,12] 3.0649 . 32628 1.3693 1.6956 . 80757 . 48641 13649 . 22931 90718 
1.13 | 3.0957 . 32303 1.3863 1.7093 81102 49075 14186 . 23283 90903 
1.14 | 3.1268 31982 1.4035 1.7233 81441 49510 . 14720 . 23636 .91085 
1,15) 3.1582 31664 1.4208 1.7374 81775 49944 215253 . 23990 91262 
1.16} 3.1899 31349 1.4382 1.7517 82104 . 50378 . 15783 - 24346 91436 
1.17 | 3.2220 . 31037 1.4558 1.7662 82427 50812 16317 . 24703 91607 
1.18 | 3.2544 . 30728 1.4735 1.7808 82745 51247 . 16836 . 25062 ~91774 
1.19} 3.2871 . 30422 1.4914 1.7957 83058 51681 . 17360 25422 91938 

1,20} 8.3201 30119 1.6095 1.8107 


-83365 || 0.62115 | 0.17882 | 0.25784 | I.92099 
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Mae siete oul eM wiektadde Moras ica, wens mses ons mista, it one Sic eieth oals hei ae nm Moiese GRID secs, ice ° Siig) BAP PEER \,2Les MB kas oa bch Lia Aoi OhIRcuiioth eteeneah os 
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Natural Values Common Logarithms 
e-% Sinh z Coshz | Tanhz ex Sinh z Coshz | Tanhz 

.30119 | 1.5095 | 1.8107 | .83365 || 0.52115 | 0.17882 | 0.25784 | 1.92099 
.29820 | 1.5276 | 1.8258 | .83668 || .52550| .18402| .26146| .92256 
129523 | 1.5460 | 1.8412 | [83965 || [52984] 718920! 26510! ‘92410 
:29229 | 1.5645 | 1.8568 | [84258 || 153418 | [19437| °26876| ‘92561 
.28938 | 1.5831 | 1.8725 | .84546 || .53853| .19951| .27242| .92709 
:28650 | 1.6019 | 1.8884 | [84828 || '54287| °20464| ‘276101 192854 
:28365 | 1.6209 | 1.9045 | [85106 || 54721 | :20975| (27979 | 192996 
.28083 | 1.6400 | 1.9208 | .85380 || .55155| .21485| .28349| .93135 
'27804 | 16593 | 1.9373 | 185648 || °55590| :21993| '28721 | 193272 
:27527 | 1.6788 | 1.9540 | [85913 || :56024| :22499| ‘290931 193406 
.27253 | 1.6984 | 1.9709 | .86172 || 0.56458 | 0.23004 | 0.29467 | 1.93537 
.26982 | 1.7182 | 1.9880 | .86428 || .56893| .23507| .29842| .93665 
126714 | 1.7381 | 210053 | 286678 || 57327] :24009| °30217| ‘93791 
126448 | 1.7583 | 2.0228 | 86925 || °57761| :24509| :30594| 193914 
.26185 | 1.7786 | 2.0404 | .87167 || .58195] .25008| .30972| .94035 
:25924 | 1.7991 | 2.0583 | :87405 || 258630] :25505| °31352| ‘94154 
125666 | 1.8198 | 2.0764 | :87639 || °59064| :26002| '31732| ‘94270 
.25411 | 1.8406 | 2.0947 | .87869 || .59498| .26496| .32113| . 94384 
525158 | 1.8617 | 2.1132 | [88095 || °59933 | :26990| 32495 | “94405 
124908 | 1:8829 | 221320 | :88317 || ‘60367 | :27482| °32878| ‘94604 
.24660 | 1.9043 | 2.1509 | .88535 || 0.60801 | 0.27974 | 0.38262 | 1.94712 
24414 | 1.9259 | 2.1700 | .88749 || .61236| .28464| .33647| .94817 
124171 | 1.9477 | 221894 | ‘88960 || :61670| :28952! °34033| ‘94919 
123931 | 1.9697 | 222090 | [89167 || [62104] 129440| °34420| ‘95020 
.23693 | 1.9919 | 2.2288 | .89370 || .62538| .29926| .34807| .95119 
123457 | 2/0143 | 2:2488 | ‘89569 || °62973 | 30412] '35196| 93216 
123224 | 210369 | 2/2691 | :89765 || °63407| 130896] 135585 | ‘983i1 
.22993 | 2.0597 | 2.2896 | .89958 || .63841| .31379| .35976| .95404 
£22764 | 210827 | 2/3103 | 190147 || :64276| [31862] ‘36367 | 193495 
"22537 | 2.1059 | 2:3312 | 90332 || :64710| °32343| '36759| 193584 
.22313 | 2.1293 | 2.3524 | .90515 || 0.65144 | 0.32823 | 0.37151 | 1.95672 
.22091 | 2.1529 | 2.3738 | .90694 || .65578| .33303| .37545| 95758 
"21871 | 2/1768 | 2.3955 | :90870 || °66013 | 233781 | '37939| 193842 
"21654 | 2/2008 | 2.4174 | [91042 || °66447| 134258] '38334| ‘93924 
21438 | 2.2251 | 2.4395 | .91212 || .66881 | .34735| .38730| .96005 
"21225 | 2.2496 | 2.4619 | [91379 || ‘67316| 235211! '39126| 96084 
"21014 | 2.2743 | 2.4845 | 91542 || 167750! °35686| 139524] ‘90162 
20805 | 2.2993 | 2.5073 | .91703 || .68184] .36160| .39921| .96238 
"20598 | 2.3245 | 2.5305 | 191860 || 68619 | °36633| '40320| ‘96313 
"20393 | 2.3499 | 2.5538 | 192015 || ‘69053| °37105| ‘40719 | 196386 
.20190 | 2.3756 | 2.5775 | .92167 || 0.69487 | 0.37577 | 0.41119 | 1.96457 
.19989 | 2.4015 | 2.6013 | .92316 || .69921 | .38048| .41520] .96528 
19790 | 2.4276 | 2.6255 | 192462 || °70356| :38518| ‘41921 | °96397 
719593 | 2.4540 | 2.6499 | [92606 || [70790] ‘389871 °42323| 196664 
19398 | 2.4806 | 2.6746 | .92747 || .71224| .39456| .427251 .96730 
"19205 | 2:5075 | 2.6995 | [92886 || °71659| °39923| ‘43129 | °96795 
"19014 | 2.5346 | 2/7247 | 193022 || 172093 | 40391 | °43532| 196858 
18825 | 2.5620 | 2.7502 | .93155 || .72527| .40857| .43937| .96921 
"18637 | 2.5896 | 2.7760 | [93286 || °72961| °41323| (44341 | °96982 
"18452 | 2.6175 | 2.8020 | [93415 || °73396| [41788| 144747] ‘97042 
18268 | 2.6456 | 2.8283 | .93541 || 0.73830 | 0.42253 | 0.45153 | 1.97100 
18087 | 2.6740 | 2.8549 | .93665 || .74264| .42717| .45559| .97158 
"17907 | 2.7027 | 2.8818 | [93786 || [74699 | [43180] °45966| °97214 
°17728 | 2:7317 | 2.9090 | 193906 || °75133| 1436431 °46374| °97269 
.17552 | 2.7609 | 2.9364 | .94023 || .75567| .44105| .46782| .97323 
"17377 | 2:7904 | 2.9642 | 194138 || :76002| ‘44567| °47191| ‘97376 
"17204 | 2.8202 | 2.9922 | [94250 || [76436] 145028] '47600| 97428 
17033 | 2.8503 | 3.0206 | .94361 || .76870| .45488| .48009| .97479 
"16864 | 2.8806 | 3.0492 | 194470 || :77304| :45948| 48419| 197529 
"16696 | 2.9112 | 3.0782 | 194576 || °77739| 146408| 148830 | '97578 
.16530 | 2.9422 | 3.1075 | .94681 || 0.78173 | 0.46867 | 0.49241 | 1.97626 
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Natural Values 
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Cosh x 
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Tanh x 


-94681 


. 94783 
- 94884 
. 94983 


. 95080 
-95175 
. 95268 


- 95359 
-95449 
«95537 


- 95624 


. 95709 
«95792 
- 95873 


395953) 
- 96032 
-96109 


- 96185 
- 96259 
96331 


- 96403 


- 96473 
. 96541 
. 96609 


. 96675 
. 96740 
- 96803 


. 96865 
- 96926 
- 96986 


- 97045 


-97103 
a QUiie® 
-97215 


-97269 
- 97323 
SEY |S: 


-97426 
-97477 
-97526 


- 97574 


- 97622 
- 97668 
.97714 


-97759 
. 97803 
97846 


. 97888 
.97929 
.97970 


- 98010 


. 98049 
. 98087 
- 98124 


98161 
. 98197 
. 98233 


. 98267 
. 98301 
. 98335 


98367 


Common Logarithms 


et 


0.78173 


. 78607 
. 79042 
.79476 


.79910 
- 80344 
. 80779 


- 81213 
- 81647 
- 82082 


0.82516 


. 82950 
. 83385 
- 83819 


84253 
. 84687 
- 85122 


. 85556 
- 85990 
- 86425 


0.86859 


. 87293 
. 87727 
. 88162 


- 88596 
- 89030 
- 89465 


89899 
. 90333 
- 90768 


0.91202 


- 91636 
- 92070 
. 92505 


. 92939 
- 93373 
- 93808 


94242 
- 94676 
-95110 


0.95545 


.95979 
- 96413 
+ 96848 


«97282 
.97716 
-98151 


. 98585 
-99019 
99453 


0.99888 


. 00322 
. 00756 
,O119T 


.01625 
. 02059 
. 02493 


02928 
- 03362 
. 03796 


1,04231 


Sinh x 


~47325 
. 47783 
- 48241 


- 48698 
.49154 
-49610 


- 50066 
- 50521 
. 50976 


0.51430 


- 51884 
. 52338 
-52791 


. 53244 


- 53696 
- 54148 


- 54600 
- 55051 
- 55502 


0.55953 


. 56403 
. 56853 
. 57303 


. 57753 
- 58202 
- 58650 


. 59099 
. 59547 
-59995 


0.60443 


- 60890 
. 61337 
. 61784 


. 62231 
. 62677 
- 63123 


- 63569 
. 64015 
- 64460 


0.64905 


- 65350 
- 65795 
. 66240 


- 66684 
. 67128 
- 67572 


. 68016 
- 68459 
- 68903 


0.69346 


- 69789 
. 70232 
- 70675 


SrA! 
TANS59 
. 72002 


. 72444 
. 72885 
. 73327 


0.73769 


0.46867 


Cosh x 


0.49241 


«49652 
. 50064 
. 50476 


. 50889 
- 51302 
-51716 


- 52130 
~52544 
.52959 


0.53374 


. 53789 
. 54205 
- 54621 


- 55038 
. 55455 
. 55872 


- 56290 
. 56707 
.57126 


0.57544 


- 57963 
. 58382 
- 58802 


.59221 
- 59641 
. 60061 


. 60482 
. 60903 
. 61324 


0.61745 


. 62167 
. 62589 
- 63011 


- 63433 
. 63856 
. 64278 


- 64701 
- 65125 
- 65548 


0.65972 


- 66396 
- 66820 
. 67244 


. 67668 
. 68093 
- 68518 


- 68943 
. 69368 
. 69794 


0.70219 


- 70645 
-71071 
.71497 


. 71923 
. 72349 
.72776 


. 73203 
. 73630 
- 74056 


Tanh x 


1.97626 


- 97673 
.97719 
.97764 


. 97809 
- 97852 
.97895 


- 97936 
97977 
. 98017 


1.98057 


- 98095 
98133 
- 98170 


- 98206 
. 98242 
98272 


- 98311 
. 98344 
. 98377 


1.98409 


- 98440 
. 98471 
- 98502 


- 98531 
- 98560 
. 98589 


. 98617 
- 98644 
- 98671 


0.74484 | 1.99285 
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HYPERBOLIC TABLES 


Common Logarithms 


1-31 


mm i 


Ce eS ee ee 
a sf me s ne oman o ° on ers oeieb ie nine ie 
oo a we —) > rs aT 


-08208 


~08127 
- 08046 
- 07966 


- 07887 
. 07808 
.07730 


. 07654 
.07577 
.07502 


. 07427 


. 07353 
. 07280 
- 07208 


. 07136 
.07065 
- 06995 


. 06925 
- 06856 
- 06788 


06721 


. 06654 
. 06587 
. 06522 


. 06457 
. 06393 
. 06329 


. 06266 
. 06204 
. 06142 


. 06081 


. 06020 
- 05961 
- 05901 


. 05843 
. 05784 
. 05727 


. 05670 
. 05613 
. 05558 
.05502 


. 05448 
. 05393 


. 05340 


05287 
. 05234 
. 05182 


. 05130 
. 05079 
. 05029 


04979 


jon} 
jee) 
Nn 
w 


OO DOS 000 BW COM DHD DDD MW MMO UA 
i aU a testa op amv ae Meats ee STRING pee i DA DD AN RAD 

& Rey 

S a 

vs o 


- 98431 
- 98462 


- 98492 
- 98522 
- 98551 


- 98579 
. 98607 
- 98635 


- 98661 


. 98688 
. 98714 
- 98739 


. 98764 
. 98788 
. 98812 


«98835 
- 98858 
- 98881 


. 98903 


. 98924 
- 98946 
- 98966 


- 98987 
- 99007 
- 99026 


- 99045 
- 99064 
- 99083 


-99101 


- 99218 
. 99233 
- 99248 


. 99263 


. 99278 
. 99292 
- 99306 


. 99320 
. 99333 
. 99346 


. 99359 
. 99372 
- 99384 


99505 


et 


1.04231 


. 04665 
- 05099 
05534 


. 05968 
. 06402 
. 06836 


.07271 
.07705 
. 08139 


1.08574 


. 09008 
. 09442 
. 09877 


1.12917 


. 13351 
. 13785 
. 14219 


. 14654 
. 15088 
§15522 


£15957, 
. 16391 
. 16825 


1.17260 


. 17694 
. 18128 
. 18562 


. 18997 
. 19431 
. 19865 


. 20300 
. 20734 
- 21168 


1.21602 


. 22037 
. 22471 
- 22905 


. 23340 
. 23774 
. 24208 


. 24643 
. 25077 
~ 25511 


1.25945 


. 26380 
. 26814 
- 27248 


. 27683 
. 28117 
. 28551 


. 28985 
. 29420 
. 29854 


1.30288 


Sinh z 


0.73769 


. 74210 
- 74652 
«75093 


. 75534 
.75975 
. 76415 


. 76856 
- 77296 
.77737 


0.78177 


. 78617 
. 79057 
. 79497 


. 79937 
. 80377 
. 80816 


- 81256 
- 81695 
. 82134 


0.82573 


. 83012 
- 83451 
. 83890 


. 84329 
. 84768 
. 85206 


. 85645 
. 86083 
. 86522 


0.86960 


. 87398 
. 87836 
. 88274 


. 88712 
. 89150 
. 89588 


. 90026 
. 90463 
- 90901 


0.91339 


.91776 
.92213 
-92651 


. 93088 
. 93525 
. 93963 


. 94400 
. 94837 
~95274 


0.95711 


- 96148 
. 96584 
.97021 


. 97458 
. 97895 
. 98331 


. 98768 
.99205 
.99641 


1.00078 


Cosh x 


0.74484 


-74911 
. 75338 
. 75766 


. 76194 
. 76621 
. 77049 


.77477 
- 77906 
. 78334 


0.78762 


«79191 
.79619 
. 80048 


. 80477 
. 80906 
. 81335 


. 81764 
- 82194 
- 82623 


0.83052 


. 83482 
. 83912 
. 8434] 


. 84771 
. 85201 
. 85631 


. 86061 
. 86492 
- 86922 


0.87352 
. 87783 


0.91660 


.92091 
. 92522 
. 92953 


. 93385 
- 93816 
. 94247 


. 94679 
-95110 
. 95542 


0.95974 


- 96405 
. 96837 
. 97269 


.97701 
98133 
98565 


. 98997 
199429 
199861 


1.00293 


Tanh x 


1.99285 


.99299 
- 99313 
- 99327 


- 99340 
- 99353 
- 99366 


.99379 
- 99391 
- 99403 


. 99415 


- 99426 
. 99438 
- 99449 


. 99460 
. 99470 
. 99481 


- 99491 
-99501 
~99511 


- 99521 


. 99530 
- 99540 
- 99549 


.99558 
- 99566 
.99575 


- 99583 
-99592 
- 99600 


. 99608 


- 99615 
. 99623 
+ 99631 


- 99638 
- 99645 
- 99652 


-99659 
. 99666 
- 99672 


. 99679 


. 99685 
-99691 
. 99698 


- 99704 
- 99709 
-99715 


-99721 
. 99726 
- 99732 


. 99737 


- 99742 
.99747 
. 99752 


-99757 
- 99762 
. 99767 


.99771 
- 99776 
. 99780 


1.99785 


baa | 


La | 


I 


Lo | 
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1-32 MATHEMATICS, UNITS, AND SYMBOLS 


Natural Values Common Logarithms 
z 
Cad Cd Sinh z Coshz | Tanhz Cod Sinh z Cosh z | Tanh x 
“3.00 | 20.086 04979 10.018 10.068 . 99505 1.30288 | 1.00078 | 1.00293 | 1.99785 
3.01 | 20.287 . 04929 10.119 10.168 | .99515 . 30723 .00514 .00725 . 99789 
3.02 | 20.491 . 04880 10.221 10.270 -99525 ~ 31157 00950 .01157 99793 
3.03 | 20.697 | .04832 10.325 10.373 .99534 31591 -01387 .01589 -99797 
3.04 | 20.905 | .04783 10.429 10.477 . 99543 . 32026 - 01823 .02022 -99801 
3.05 | 21.115 . 04736 10.534 10.581 .99552 . 32460 02259 02454 - 99805 
3.06} 21.328 | .04689 10.640 10.687 | .99561 .32894 . 02696 -02886 | .99809 
3.07 | 21.542 .04642 10.748 10.794 .99570 . 33328 . 03132 . 03319 - 99813 
3.08 | 21.758 | .04596 10.856 10.902 | .99578 . 33763 . 03568 .03751 99817 
3.09 | 21.977 | .04550 10.966 11.011 - 99587 -34197 . 04004 04184 | .99820 
8.10 | 22.198 04505 11.077 11.122 -99595 1.34631 | 1.04440 | 1.04616 | 1.99824 
3.11) 22.421 .04460 11.188 11.233 | .99603 . 35066 . 04876 -05049 - 99827 
3.12 | 22.646 | .04416 11,301 11.345 | .99611 . 35500 .05312 .05481 . 99831 
3.13 | 22.874 | .04372 11.415 11.459 | .99618 . 35934 -05748 .05914 . 99834 
3.14] 23.104 | .04328 11,530 11.574 | .99626 - 36368 -06184 - 06347 . 99837 
R151) 232336 04285 11.647 11.689 - 99633 - 36803 - 06620 06779 - 99841 
Bet6)| 2355 %1 - 04243 11.764 11.807 .99641 . 37237 -07056 .07212 + 99844 
3.17 | 23.807 | .04200 11.883 11.925 | .99648 .37671 .07492 .07645 . 99847 
3.18 | 24.047 | .04159 12.003 12.044 | .99655 - 38106 .07927 . 08078 . 99850 
3.19 | 24.288 | .04117 12.124 12.165 | .99662 . 38540 . 08363 .08510 99853 
3.20 | 24.533 04076 12.246 12.287 99668 1.38974 | 1.08799 | 1.08943 | 1.99856 
3.21 | 24.779 04036 12.369 12.410 . 99675 .39409 -09235 -09376| .99859 
3.22 | 25.028 03996 12.494 12.534 . 99681 . 39843 . 09670 .09809 - 99861 
3.23 | 25.280 03956 12.620 12.660 | .99688 .40277 - 10106 - 10242 . 99864 
3.24) 25.534 03916 12.747 12.786 | .99694 -40711 . 10542 - 10675 . 99867 
3.25 | 25.790 03877 12.876 | 12.915 | .99700 -41146 . 10977 - 11108 . 99869 
3.26 | 26.050 03839 13.006 13.044 | .99706 - 41580 - 11413 ~ 11541 - 99872 
3.27 | 26.311 03801 13.137 351755 |e. 99712 -42014 . 11849 .11974 - 99875 
3.28 | 26.576 03763 13.269 13.307 99717 + 42449 . 12284 . 12407 99877 
3.29 | 26.843 03725 13.403 13.440 | .99723 - 42883 . 12720 . 12840 - 99879 
3.30 | 27.113 03688 13.538 | 13.575 99728 1.43317 | 1.13155 | 1.13273 | 1.99882 
3.31 | 27.385 | .03652 13.674 13.711 - 99734 43751 . 13591 -13706 | .99884 
3.32 | 27.660 .03615 13.812 13.848 | .99739 -44186 . 14026 . 14139 - 99886 
3.33 | 27.938 | .03579 13.951 13.987 | .99744 -44620 - 14461 . 14573 - 99889 
3.34 | 28.219 | .03544 14.092 14.127 | .99749 - 45054 . 14897 -15006 | .99891 
3.35 | 28.503 | .03508 14, 234 14.269 | .99754 - 45489 . 15332 . 15439 - 99893 
3.36 | 28.789 | .03474 14.377 14.412 | .99759 - 45923 . 15768 15872] .99895 
3.37 | 29.079 | .03439 14,522 14.556 | .99764 . 46357 . 16203 . 16306 .99897 
3.38 | 29.371 .03405 14, 668 14.702 | .99768 - 46792 - 16638 . 16739 -99899 
3.39 | 29.666 | .03371 14.816 14.850 | .99773 .47226 . 17073 .17172 -99901 
3.40 | 29.964 03337 14.965 14.999 -99777 1.47660 | 1.17509 | 1.17605 | 1.99903 
3.41 | 30.265 03304 15.116 15.149 | .99782 - 48094 ~ 17944 . 18039 -99905 
3.42 | 30.569 03271 15,268 15.301 - 99786 - 48529 . 18379 . 18472 -99907 
3.43 | 30.877 03239 15,422 15.455 | .99790 . 48963 . 18814 18906] .99909 
3.44 | 31.187 03206 15,577 15.610 | .99795 -49397 . 19250 .19339 | 99911 
3.45] 31.500 03175 15.734 15.766 99799 49832 - 19685 ~19772 99912 
3.46 | 31.817 03143 15.893 15.924 | .99803 - 50266 - 20120 -20206| .99914 
3.47 | 32.137 03112 16.053 16.084 | .99807 . 50700 - 20555 - 20639 
3.48 | 32.460 03081 16.215 16.245 | .99810 - 51134 . 20990 - 21073 D9918 
3.49 | 32.786 03050 16.378 16.408 | .99814 -51569 -21425| .21506] .99919 
3.50 | 33.115 03020 16.543 16.573 -99818 1.52003 | 1.21860 | 1.21940 | 1.99921 
3.51 | 33.448 02990 16.709 16.739 | .99821 . 52437 . 22296 . 22373 
3.52 | 33.784 02960 16.877 16.907 | .99825 . 52872 . 22731 . 22807 “90994 
3.53 | 34.124 02930 17,047 17.077 | .99828 . 53306 . 23166 . 23240 -99925 
3.54 | 34.467 02901 17,219 17.248 | .99832 - 53740 . 23601 . 23674 .999 
3.55 Ue: 17. 99835 54175 . 24036 . 24107 99938 
3.56 lets 17. - 99838 . 54609 . 24471 24541 - 99930 
3.57 fs 17. - 99842 55043 - 24906 .24975 | .99931 
3.58 7. 17. -99845 .55477 . 25341 -25408 | .99933 
3.29 8. 18. . 99848 .55912 .25776 - 25842 - 99934 
3.60 8. 8. .99851 1.56346 | 1.26211 | 1.26275 | 1.99985 


EXPONENTIAL AND HYPERBOLIC TABLES 1-33 


01 | 55.147 | .01813 } 27.564 | 27.583 | .99934 74152 - 44035 -44063 | .99971 
02} 55.701 .01795 | 27.842 | 27.860 | .99936 - 74586 - 44469 -44497 | 99972 
03 | 56.261 .01777 | 28.122 | 28.139 | .99937 -75021 - 44904 - 44931 . 99973 


.04| 56.826 | .01760 | 28.404 | 28.422 | .99938 + 75455 «45339 -45365 | .99973 
“05 | 57.397 | .01742 | 28.690 | 28.707 | .99939 - 75889 . 45773 .45799 | .99974 
06| 57.974 | .01725 | 28.979 | 28.996 | .99941 - 76324 - 46208 - 46233 -99974 


.07 | 58.557 | .01708 | 29.270 | 29.287 | .99942 . 76758 - 46642 -46668 | .99975 
.08 | 59.145 | .01691 29.564 | 29.581 99943 .77192 -47077 -47102 | .99975 
09 | 59.740 | .01674 | 29.862 | 29.878 | .99944 - 77626 -47511 -47536 | .99976 


10 | 60.340 | .01657 | 30.162 | 30.178 .99945 || 1.78061 | 1.47946 | 1.47970 | 1.99976 


60.947 | .01641 30.465 | 30.482 | .99946 78495 - 48380 .48404 | .99977 
61.559 | .01624 | 30.772 | 30.788 | .99947 . 78929 - 48815 - 48838 | .99977 
62.178 | .01608 | 31.081 31.097 | .99948 79364 «49249 -49272.| .99978 


62.803.| .01592 | 31.393 | 31.409 | .99949 .79798 - 49684 .49706 | .99978 
2 : -99950 .80232 | .50118 | .50140 | .99978 
1561 32.028 | 32.044 | .99951 80667 - 50553 .50574 | .99979 


Lod 


.01545 | 32.350 | 32.365 | .99952 81101 . 50987 -51008 | .99979 
.01530 | 32.675 | 32.691 -99953 81535 . 51422 -51442 | .99980 
101515 | 33.004 | 33.019 | .99954 -81969 - 51856 .51876 | .99980 


83.351 | .99955 || 1.82404 | 1.62291 | 1.52310 1.99980 
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Natural Values Common Logarithms 
z 
er e-% Sinh z Cosh z | Tanhz er Sinh z Cosh z | Vanhz 
3.60| 36.698 | .02732 | 18.285 | 18.313 | .99851 || 1.56346 | 1.26211 | 1.26275 | 1.99936 
3.61 36.966 .02705 18.470 18.497 99854 . 56780 . 26646 . 26709 99936 
3.62 | 37.338 .02678 18.655 18.682 99857 57215 . 27080 . 27143 - 99938 
3263..|) Sieats - 02652 18.843 18.870 99859 57649 27515 . 27576 99939 
3.64) 38.092 .02625 19.033 19.059 - 99862 - 58083 . 27950 . 28010 .99940 
3.65 | 38.475 02599 19.224 19.250 99865 58517 . 28385 . 28444 .99941 
3°66 | 38.861 | 102573 | 19.418 | 19.444 | 199868 || :58952| [28820] 128878] :99942 
3.67 | 39.252 02548 19.613 19.639 99870 59386 .29255 29311 -99944 
3.68 | 39.646 02522 19.811 19.836 . 99873 59820 . 29690 29745 -99945 
3°69 | 40.045 | 102497 | 20.010 | 20.035 | 199875 || :60255| :30125| :30179| :99946 
8.70 | 40.447 02472 20.211 20.236 .99878 1.60689 | 1.30559 | 1.30612 | 1.99947 
3.71 40.854 02448 20.415 20.439 . 99880 .61123 . 30994 - 31046 99948 
Bey 2 41.264 02423 20.620 20.644 - 99883 61558 31429 . 31480 -99949 
3.73 | 41.679 . 02399 20.828 20.852 99885 61992 31864 -31914 99950 
3.74 | 42.098 02375 21.037 21.061 - 99887 62426 .32299 ~32348 99951 
3.75 | 42.521 02352 21.249 21 272 99889 62860 SLITS 32781 99952 
3.76 | 42.948 02328 21.463 21.486 99892 63295 - 33168 33215 99953 
3.77 | 43.380 .02305 21.679 21.702 99894 63729 . 33603 - 33649 99954 
3.78 | 43.816 02282 21.897 21.919 99896 64163 34038 - 34083 99955 
3.79 44.256 .02260 22.117 22.140 99898 ~ 64598 34472 34517 99956 
8.80 | 44.701 02237 22.339 22 .362 .99900 1.65032 | 1.34907 | 1.34951 | 1.99957 
3.81 45.150 02215 22.564 22.586 99902 - 65466 . 35342 35384 .99957 
3.82 45.604 02193 22.791 22.813 99904 - 65900 35777 - 35818 - 99958 
3.83 | 46.063 02171 23.020 23.042 -99906 - 66335 36211 - 36252 99959 
3.84 | 46.525 02149 DLO 23.274 .99908 66769 - 36646 - 36686 - 99960 
3.85 | 46.993 .02128 23.486 23.57 99909 - 67203 . 37081 -37120 99961 
3.86 | 47.465 02107 PH Pe? 23.743 99911 67638 Ta75N5 - 37554 99961 
3.87 | 47.942 02086 23.961 23.982 99913 . 68072 37950 . 37988 99962 
3.88 | 48.424 02065 24.202 24.222 99915 . 68506 38385 . 38422 99963 
3.89 | 48.911 02045 24.445 24.466 99916 . 68941 38819 . 38856 -99964 
3.90 | 49.402 02024 24.691 24.711 .99918 1.69375 | 1.39254 | 1.39290 | 1.99964 
3.91 49.899 02004 24.939 24.960 . 99920 - 69809 39689 39724 99965 
3.92 | 50.400 01984 25.190 25.210 99921 . 70243 - 40123 -40158 99966 
3.93 | 50.907 01964 25.444 25.463 . 99923 . 70678 40558 40591 - 99966 
3.94] 51.419 01945 25.700 25.719 99924 BZA 40993 ~41025 99967 
3.95 51.935 01925 25.958 25.977 - 99920 71546 41427 ~41459 99968 
3.96 | 52.457 01906 26.219 26.238 99927 71981 - 41862 41893 99968 
3.97 | 52.985 01887 26. 483 26.502 99929 72415 ~42296 - 42327 99969 
3.98 | 53.517 01869 26.749 26.768 99930 72849 42731 - 42761 99970 
3.99 | 54.055 01850 27.018 27.037 99932 . 73284 43166 43195 - 99970 
4.00 | 54.598 01832 27.290 27.308 99933 1.73718 | 1.43600 | 1.43629 1.99971 
4. 
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4. 
4 
4 
‘ 
4 
4 
4 
4. 
4. 
4. 
4. 
4, 
4. 
4. 
4. 
4, 
4 
4, 


—) 
a 
oa 
oa 
eo 
a 
i] 
= 
a 
S 
—) 
& 
*) 
oe 
o 
a 


MATHEMATICS, UNITS, AND SYMBOLS 


LEER REESE? 
Common Logarithms 


( Wess ae 
is 


> Wr 


Natural Values 


33.336 


Sinh z 


60.759 


Tanh x 


-99955 


. 99956 
.99957 
.99958 


-99958 
-99959 
-99960 


.99961 
.99962 
. 99962 


.99963 


. 99964 
99965 
.99965 


. 99966 
.99967 
.99967 


. 99968 
. 99969 
. 99969 


.99970 


.99970 
.99971 
.99972 


.99972 
- 99973 
. 99973 


.99974 
-99974 
-99975 


. 99975 


.99976 
-99976 
.99977 


.99977 
-99978 
. 99978 


.99979 
SLY 
.99979 


- 99980 


. 99980 
- 99981 
99981 


-99981 
. 99982 
- 99982 


- 99982 
. 99983 
«99983 


. $9983 


. 99984 
«99984 
. 99984 


.99985 
.99985 
. 99985 


. 99986 
. 99986 
- 99986 


.99986 


et 


1.82404 


. 82838 
. 83272 
. 83707 


. 84141 
. 84575 
. 85009 


85444 
+ 85878 
"86312 


1.86747 


. 87181 
. 87615 
. 88050 


. 88484 
. 88918 
. 89352 


. 89787 
- 90221 
. 90655 


1.91090 


.91524 
.91958 
- 92392 


-92827 
. 93261 
«93695 


- 94130 
- 94564 
- 94998 


1.95433 


- 95867 
. 96301 
. 96735 


.97170 
- 97604 
. 98038 


. 98473 
. 98907 
- 99341 


1.99775 


2.00210 
. 00644 
. 01078 


.01513 
. 01947 
- 02381 


. 02816 
. 03250 
. 03684 


2.04118 


- 04553 
. 04987 
-05421 


. 05856 
. 06290 
. 06724 


.07158 
. 07593 
. 08027 


2.08461 


Sinh x 


1.52291 


Sar [oe5 
. 53160 
- 93594 


- 54029 
- 54463 
- 34898 


. 55332 
. 55767 
- 56201 


1.56636 


-57070 
.57505 
.57939 


. 58373 
. 58808 
- 59242 


.59677 
60111 
- 60546 


1.60980 


- 61414 
- 61849 
- 62283 


. 62718 
. 63152 
. 63587 


- 64021 
«64455 
- 64890 


1.65324 


- 65759 
- 66193 
- 66627 


- 67062 
. 67496 
- 67931 


- 68365 
- 68799 
. 69234 


1.69668 


.70102 
- 70537 
.70971 


.71406 
.71840 
.72274 


.72709 
. 73143 
-73577 


1.74012 


. 74446 
. 74881 
«75315 


«75749 
. 76184 
.76618 


. 77052 
. 77487 
.77921 


1.78355 


Cosh x 


1.52310 


.52745 
<oB79 
.53613 


. 54047 
- 54481 
-54915 


- 55349 
- 95783 
- 56217 


1.56652 


. 57086 
- 57520 
- 57954 


- 58388 
- 58822 
-59256 


- 59691 
. 60125 
- 60559 


1.60993 


1.65335 


- 65769 
- 66203 
. 66637 


. 67072 
- 67596 
. 67940 


. 68374 
- 68808 
. 69243 


1.69677 


-70111 
-70545 
.70979 


.71414 
. 71848 
«72282 


. 72716 
.73151 
- 73585 


1.74019 


«74453 
. 74887 
. 75322 


. 75756 
. 76190 
. 76624 


-77059 
. 77493 
- 77927 


1.78361 


Tanh x 


1.99980 


- 99981 
-99981 
- 99982 


- 99982 
. 99982 
~99983 


. 99983 
. 99983 
- 99984 


1.99984 


- 99984 
- 99985 
- 99985 


- 99985 
- 99986 
. 99986 


. 99986 
- 99986 
. 99987 


1.99987 


-99987 
- 99987 
- 99988 


- 99988 
- 99988 
- 99988 


-99989 
- 99989 
- 99989 


1.99989 


- 99989 
. 99990 
-99990 


- 99990 
- 99990 
- 99990 


-99991 
-99991 
-99991 


1.99991 


- 99991 
- 99992 
- 99992 


-99992 
- 99992 
-99992 


- 99992 
. 99993 
- 99993 


1.99993 


As 
. 99993 
. 99993 


- 99993 
. 99993 
- 99994 


- 99994 
- 99994 
- 99994 


i.99994 
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Natural Values] Common Logarithms 


ev ied Sinh x Coshz | Tanhz et Sinh x Cosh x | Tanhz 


-80 | 121.51 .00823 | 60.751 | 60.760 -99986 |) 2.08461 | 1.78355 | 1.78361 | 1.99994 


Mole 22875 -00815 | 61.362 | 61.370 - 99987 - 08896 . 78790 . 78796 -99994 
HO2. | 23097 -00807 | 61.979 | 61.987 99987 - 09330 . 79224 - 79230 -99994 
.00799 | 62.601 62.609 . 99987 .09764 . 79658 . 79664 - 99994 


bhih LAD PB 
oo 
Ww 
i) 
nn 
i) 


84 | 126.47 -00791 63.231 63.239 - 99987 - 10199 - 80093 - 80098 -99995 
BD) |) NZ774 . 00783 63.866 | 63.874 . 99988 . 10633 - 80527 - 80532 399995 
86} 129.02 -00775 | 64.508 | 64.516 - 99988 . 11067 - 80962 - 80967 -99995 
4.87 | 130.32 00767 | 65.157 65.164 - 99988 ~ 11501 . 81396 . 81401 -99995 
4.88 | 131.63 -00760 | 65.812 | 65.819 - 99988 . 11936 - 81830 . 81835 -99995 
4.89 | 132.95 -00752 | 66.473 | 66.481 -99989 . 12370 - 82265 - 82269 . 99995 
4,90 | 134.29 00745 | 67.141 | 67.149 -99989 || 2.12804 | 1.82699 | 1.82704 | 1.99995 
91 | 135.64 .00737 | 67.816 | 67.823 - 99989 wl 239) - 83133 . 83138 .99995 
92 137.00 . 00730 68.498 | 68.505 - 99989 . 13673 - 83568 - 83572 -99995 
93 | 138.38 .00723 | 69.186 | 69.193 - 99990 . 14107 . 84002 . 84006 -99995 
94 | 139.77 00715 | 69.882 | 69.889 -99990 . 14541 - 84436 - 8444] .99996 
ET RCH a U7 .00708 | 70.584 | 70.591 -99990 . 14976 . 84871 - 84875 -99996 
96} 142.59 .00701 71.293 | 71.300 .99999 . 15410 - 85305 - 85309 - 99996 
97 | 144.03 00694 | 72.010 | 72.017 . 99990 . 15844 . 85739 - 85743 - 99996 
98 | 145.47 00687 | 72.734 | 72.741 .99991 . 16279 . 86174 - 86178 - 99996 
99 | 146.94 . 00681 73.465 | 73.472 -99991 - 16713 . 86608 - 86612 -99996 
00 | 148.41 00674 | 74.203 | 74.210 .99991 || 2.17147 | 1.87042 | 1.87046 | 1.99996 
o1 | 149.90 00667 | 74.949 | 74.956 99991 . 17582 . 87477 . 87480 - 99996 
02] 151.41 00660 | 75.702 | 75.710 .99991 . 18016 .87911 - 87915 .99996 
O30) j152893 .00654 | 76.463 | 76.470 BO 990FI! . 18450 . 88345 . 88349 - 99996 
04 | 154.47 .00647 | 77.232 | 77.238 399992 . 18884 . 88780 . 88783 - 99996 
05 | 156.02 . 00641 78.008 | 78.014 EOP . 19319 . 89214 . 89217 - 99996 
06) 157.59 -00635 | 78.792 | 78.798 .99992 . 19753 . 89648 - 89652 «99997 


MOZs || 1593K7 .00628 | 79.584 | 79.590 - 99992 . 20187 - 90083 -90086 | .99997 
.08 | 160.77 .00622 | 80.384 | 80.390 -99992 . 29622 90517 - 90520 .99997 
.09 | 162.39 00616 | 81.192 | 81.198 n99992. -21056] .90951 -90955 .99997 


10 | 164.02 00610 | 82.003 | 82.014 .99993 || 2.21490 | 1.91386 | 1.91389 | 1.99997 


165.67 .00604 | 82.832 | 82.838 . 99993 . 21924 - 91820 - 91823 . 99997 
167.34 00598 | 83.665 | 83.671 99993 22359 - 92254 «92257 .99997 
169.02 00592 | 84.506 | 84.512 . 99993 . 22793 92689 - 92692 .99997 


170.72 -00586 | 85.355 | 85.361 «99993 23227 . 93123 -93126 | .99997 
é .00580 | 86.213 | 86.219 . 99993 . 23662 .93557 . 93560 .99997 
174.16 | .00574 | 87.079 | 87.085 | .99993 - 24096 | .93992 . 93994 .99997 


175.91 .00568 | 87.955 | 87.960 - 99994 . 24530 -94426 | .94429 .99997 
177.68 .00563 | 88.839 | 88.844 - 99994 . 24965 - 94860 - 94863 .99997 
179.47 .00557 | 89.732 | 89.737 - 99994 . 25399 - 95294 - 95297 .99997 


20 | 181.27 .00552 | 90.633 | 90.639 -99994 || 2.25833 | 1.95729 | 1.95731 | 1.99997 


21 | 183.09 .00546 | 91.544 | 91.550 | .99994 . 26267 . 96163 .96166 | .99997 
22 | 184.93 . 00541 92.464 | 92.470 | .99994 .26702 | .96597 - 96600 .99997 
25n| H86N795), 00535) 935394 | 9353998) .99994 -27136 | .97032} .97034] .99992 


24 | 188.67 .00530 | 94.332 | 94.338 | .99994 .27570 | .97466| .97469} .99998 
25 | 190.57 00525 | 95.281 95.286 | .99994 . 28005 . 97900 .97903 .99998 
26 | 192.48 | .00520 | 96.238 | 96.243 -99995 - 28439 | .98335 | .98337 .99998 


27.| 194242 .00514 | 97.205 | 97.211 - 99995 . 28873 -98769 | .98771 .99998 
28 | 196.37 -00509 | 98.182 | 98.188 | .99995 . 29307 «99203 -99206 | .99998 
29 | 198,34 .00504 | 99.169 | 99.174 | .99995 .29742 | .99638 | .99640 -99998 


80 | 200.34 | .00499 | 100.17 | 100.17 .99995 |) 2.30176 | 2.00072 | 2.00074 | 1.99998 


3 00494 | 101.17 | 101.18 | .99995 -30610 | .00506} .00508; .99998 
3 304.38 00489 | 102.19 | 102.19 | .99995 -31045 | .00941 -00943 | .99998 
33 | 206.44 | .00484 | 103.22 ; 103.22 | .99995 -31479 | .01375 | .01377] .99998 
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j .00480 | 104.25 | 104.26 | .99995 31913 -01809 | .O1811 -99998 
33 310.1 .00475 | 105.30 | 105.31 «99995 .32348 | .02244 .02246 | .99998 
36) 212.72 | .00470 | 106.36 | 106.36 | .99996 .32782 | .02678} .02680}| .99998 
d .00465 | 107.43 | 107.43 | .99996 .33216 | .03112 | .03114] .99998 
34 317.02 -00461 108.51 108.51 .99996 -33650 | .03547 | .03548 | .99998 
39 | 219.20 | .90456 | 109.60 | 109.60 | .99996 .34085 | .03981 .03983 | 99998 


§.40 


.99996 || 2.34519 | 2.04415 | 2.04417 | 1.99998 
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MATHEMATICS, UNITS, AND SYMBOLS 


_, Natural Values Common Logarithms 

e7e Sink x Coshz | Tanhz OMe Sinh z Coshz | Tanhz 
00452 110.70 110.71 99996 2.34519 | 2.04415 | 2.04417 | 1.99998 
.00447 111,81 111.82 | .99996 . 34953 . 04849 .04851 - 99998 
00443 112.94 112.94 - 99996 - 35388 05284 05285 - 99998 
. 00438 114.07 114.08 | .99996 . 35822 -05718 .05720 - 99998 
00434 115.22 | 115.22 | .99996 -36256 | .06152 -06154 - 99998 
. 00430 116,38 116,38 99996 36690 - 06587 06588 99998 
00425 | 117.55 117.55 | .99996 -37125 | .07021 . 07023 -99998 
.00421 118.73 118.73 -99996 .37559 .07455 .07457 - 99998 
00417 119.92 119.93 99997 . 37993 .07890 .07891 - 99998 
- 00413 121.13 121.13 -99997 . 38428 | .08324 . 08325 -99999 
00409 122.34 122.35 99997 2.38862 | 2.08758 | 2.08760 | 1.99999 
00405 PES yy 123.58 99997 . 39296 09193 09194 - 99999 
. 00401 124, 82 124,82 99997 see | 09627 -09628 .99999 
00397 126.07 126.07 .99997 . 40165 . 10061 . 10063 -99999 
. 00393 127.34 127.34 .99997 ~ 40599 . 10495 . 10497 - 99999 
. 00389 128.62 128.62 .99997 - 41033 . 10930 - 10931 -99999 
. 00385 129.91 129.91 -99997 41468 | .11364 . 11365 -99999 
, 00381 131,22 | 131.22 | .99997 - 41902 . 11798 . 11800 -99999 
00377 132,53 132.54 99997, 42336 . 12233 . 12234 99999 
.00374 133. 87 133.87 .99997 -42771 . 12667 . 12668 | .99999 
-00370 135.21 135.22 99997 2.43205 | 2.13101 | 2.13103 | 1.99999 
.00366 | 136.57 136.57 | .99997 - 43639 . 13536} £13537 -99999 
00362 137.94 137.95 - 99997 - 44074 - 13970 - 13971 -99999 
00359 | 139.33 139,33 | .99997 -44508 | .14404] .14405| .99999 
.00355 140.73 140.73 .99997 -44942 | . 14839 . 14840 - 99999 
00352 142.14 142,15 -99998 ~45376 . 15273 . 15274 - 99999 
. 00348 143.57 | 143.58 | .99998 45811 . 15707 -15708 | .99999 
. 00345 145.02 145.02 -99998 46245 . 16141 . 16142 -99999 
00341 146, 47 146.48 - 99998 - 46679 . 16576 - 16577 -99999 
.00338 | 147,95 147.95 | .99998 .47114 . 17010 - 17011 - 99999 
. 00335 149.43 149.44 99998 2.47648 | 2.17444 | 2.17445 | 1.99999 
00331 | 150.93 | 150.94 | .99998 || .47982| .17879| .17880] .99999 
00328 | 152.45 | 152.45 | 199998 || 148416 | [18313 | 118314 99900 
-00325 | 153.98 | 153.99 | .99998 - 48851 . 18747 . 18748 -99999 
. 00321 155253. || 455453 -99998 - 49285 . 19182 -19182 | .99999 
00318 157.09 157.10 - 99998 - 49719 - 19616 19617 - 99999 
-00315 | 158.67 | 158.68 | .99998 -50154 . 20050 - 20051 -99999 
.00312 | 160.27 | 160.27 | .99998 - 50588 . 20484 . 20485 - 99999 
. 00309 161.88 161.88 - 99998 51022 20919 . 20920 -99999 
-00306 | 163.51 163.51 . 99998 ~51457 -21353 | .21354] .99999 
00303 165.15 165.15 .99998 2.51891 | 2.21787 | 2.21788 | 1.99999 
. 00300 166.81 166.81 - 99998 .52325 «22222 . 22222 . 99999 
00297 168.48 168.49 - 99998 .52759 - 22656 - 22657 - 99999 
-00294 | 170.18 | 170.18 | .99998 .53194 . 23090 . 23091 -99999 
.00291 171.89 | 171.89 | .99998 . 53628 . 23525 . 23525 .99999 
.00288 | 173.62 | 173.62 | .99998 - 54062 - 23959 | .23960 - 99999 
-00285 | 175.36 | 175.36 | .99998 . 54497 . 24393 - 24394 |] .99999 
.00282 | 177.12 | 177.13 | .99998 - 54931 . 24828 . 24828 . 99999 
-00279 | 178.90 | 178.91 .99998 - 55365 .25262 | .25262| .99999 
-00277 | 180.70 | 180.70 .99998 .55799 - 25696 | .25697 - 99999 
00274 182.52 182.52 -99998 2.56234 | 2.26130 | 2.26131 | 1.99999 
.00271 184.35 | 184.35 | .99999 . 56668 . 26565 . 26565 -99999 
-00269 | 186.20 186, 21 -99999 -57102 | .26999 . 27000 -99999 
-00266 | 188.08 | 188.08 | .99999 . 57537 . 27433 - 27434 | .99999 


-27868 | .27868| .99999 
- 28302 | .28303 | .99999 
. 28736 | .28737 | .99999 


.29171 .29171 .99999 
-29605 | .29605 | .99999 
- 30039 | .30040 -99999 


2.60577 | 2.30473 | 2.30474 .99999 


TRANSMISSION UNIT AND POWER REFERENCE LEVELS 1-37 


14. BESSEL FUNCTIONS 


The chart below shows approximate values for some representative Bessel functions of 
the first kind. Values for higher-order Bessel functions can be computed by successive 
application of the recurrence formula 


races = Iu(a) RG) 


starting with the values of Jo(r) and J(z). 


x 


Fia. 1. Chart of Bessel Functions, 


15. TRANSMISSION UNIT AND POWER REFERENCE 
LEVELS.—DECIBELS 


Power losses occur in all parts of an electric circuit; in many circuits, which are built 
up of a number of components, the easiest method of predicting overall efficiencies is to 
determine individual efficiencies and combine them. When amplifiers are used, power 
gains exist (as far as the alternating signal current is concerned) and must be considered. 
For, although the useful power is less than the total power input, the output signal power 
may be greater than the input signal power, so that, using the conventional definition of 
efficiency, values greater than 100 per cent can be obtained. 

THE DECIBEL AND THE NEPER. In order to avoid the multiplication of the indi- 
vidual efficiencies recourse has been had to logarithms of the efficiencies, giving measures 
of efficiency which can be added and subtracted directly. 

Many units have been proposed and several have at various times been adopted in dif- 
ferent localities. At the present time two such units are in general use in Europe and this 
country, one based on the napierian system of logarithms, the other based on the decimal 
system of logarithms. The International Advisory Committee on Long Distance Telephony 
of Europe has recommended that both these units be standardized and defined as follows: 

The unit of transmission expresses the ratio of apparent or real power in transmission 
systems. In practice, the number of units of transmission in a given case is expressed in 
terms of a logarithm. 

In the case of two powers P; and P2 the number of units is: 


ee 133 
in the napierian system, 1/9 log. as 
2 


12 
in the decimal system, logio ro 
2 
The napierian unit is called the neper. The decimal unit is called the bel. A decimal 
submultiple of these units may be used, as decineper and decibel. 
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The unit generally used in this country is the decibel, which is exactly equivalent to 
and was first standardized as the ‘transmission unit’’; it is also exactly equivalent to 
the ‘‘sensation unit”? used in acoustic work. The decibel is abbreviated db, the trans- 
mission unit TU, and the sensation unit SU. The neper is called the 61 unit. The com- 
parative sizes of the two units is given by the fact that 

125 Pi 
— = 2.3026 1 —, 
log. P, Og10 P3 
so that 0.8686 neper is equal to 1 bel. Also 1 neper = 11.51 decibels. ’ 
From the above definition the number of decibels which expresses the ratio between 
any two powers is 
1B 
Neal 0)) —— 
OZ10 Py 
The quantity N is called the transmission equivalent of the element considered. It may 
be readily evaluated for a particular ratio by multiplying the common logarithm of this 
ratio by 10. If P; represents the delivered power and P»2 the input power, N will be nega- 
tive for power losses and positive for power gains, since the logarithms of numbers less 
than unity are negative. ; 
The use of the decibel may be seen from the following. If two circuit elements, with a 


; ; Pr P3 ‘ : : 
ratio of power output to power input of Pp, and Pp,’ respectively, are connected in series, 
2 4 


the power ratio of the combination is 
P out pe Tey P3 
Pin Py» P, 
where N; and N» are the transmission equivalents of the first and second elements, respec- 
tively. Taking the logarithms of both sides and multiplying through by 10, 
P out 
10 log —— = 1+ N2=Nr 
Pin 
It is thus seen that any number of transmission equivalents can be added (losses with 
their associated minus sign) to obtain the transmission equivalent of a complete circuit. 
In making measurements of circuit efficiency the current ratio, or the voltage ratio, 
is usually more readily obtainable than the power ratio. Either of these ratios may be 
used to specify the efficiency of the circuit when conditions are such that it is the square 
root of the power ratio. 


= 104100.) x 10N2(0.1) = 10(V1+N2)0.1 


‘ 2 
In this case GE a Pi = 10N.1) 
I? Po 
and taking the square root of both sides 
I; 


21 _ 109N (0.05) 
Io ® 


By the method used above in the case of power ratios, the transmission equivalent is 
Tq; Ey 
N = 20 logio— = 201 —— 
£10 je OZ10 E, 


It must be remembered that this is true only when the current or voltage ratio is the square root 
of the power ratio, the simplest case being where the currents through, or voltages across, 
equal impedances are measured. 

LOGARITHMIC VOLTAGE RATIO. In measuring electron-tube amplifiers, it is fre- 
quently useful to measure the voltage gain of each stage and compare the sum with the 
overall gain of the complete amplifier. Such measurements are in many cases conveniently 
made in terms of voltage and are made only with great difficulty in terms of power. The 
habit has grown up of using the advantages of logarithmic’addition and calibrating ampli- 
fiers in terms of comparison voltages without any regard for the impedance relations. 
Furthermore in some instances the overall sensitivity of amplifiers and complete radio 
sets has frequently been expressed in terms of ‘decibels below 1 volt’’ with no thought of 
impedance. According to the above discussion this, of course, is a misuse of the term. 
Since it is so convenient, however, it is a practice which is likely to continue. Confusion 
can be avoided by the association of a new term to this measurement. It has been sug- 
gested that the abbreviation dbv be used to indicate that the logarithmic ratios are in 
terms of volts and not in terms of power. It has furthermore been suggested that the 
dby also carry the implication where appropriate that it is below the level of 1 volt. A 
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Decibels Versus Power, Voltage, and Current Ratios 


Current and ; Current and ; 
db Voltage Ratio Power Ratio ri Volvage Ratio Power Ratio 
ee, 
Gain 
0.1 ie the 5.6 1. 33 
0.2 ihe hs 5.7 [We 38 
0.3 @ il 5.8 ili, 34 
0.4 1. hs 59) (f:. 39 
0.5 Tk i} 3 6.0 il; 3% 
0.6 lk Ls 6.1 2 4. 
0.7 1. ils 6.2 2). 4, 
0.8 Ie Ie 6.3 7h, 4, 
0.9 B H 6.4 23 4, 
1.0 8 1. 625 2. 4, 
thea] Le 1 6.6 Pk. 4. 
12 Ie 1 6.7 Px. 4. 
1-3 ie 1k 6.8 20 4. 
1.4 1 Wy 6.9 Ze 4, 
15 Ie Us 7.0 23 Ds 
1.6 Ue 1. 7.1 2. 5a 
187 Ls il if-9? Zn D3 
1.8 DP, Ls 1f8) De 5. 
v9 1. Ul 7.4 oA, 5 
2.0 U4 1. ¢/n5) an Da 
2.1 if hy. 7.6 Vd 5} 
a2 is i Tian 2. by 
25 He is 7.8 2: 6, 
2.4 ie i 7.9 i, 6. 
2uD 1 1 8.0 Hy. 6. 
2.6 Le 1. 8.1 2. 6. 
MT Us If 8.2 2. 6. 
2.8 1p 1. 8.3 2. 6, 
7ee) 1, hs 8.4 2.630 6.918 
3.0 I. ihe 8.5 2.661 7.079 
oa 1.429 2.042 8.6 2.692 7.244 
352 1.445 2.089 8.7 2.723 7.413 
3.3 1.462 2 8.8 2.754 7.586 
3.4 1.479 2 8.9 2.786 7.762 
3y5, 1.496 2.239 9.0 2.818 7.943 
3.6 1.514 2.291 9.1 2.851 8.128 
307, 1,531 2.344 9.2 2.884 8.318 
3.8 1,549 2.399 5) 2.917 8.511 
3.59 1.567 2.455 9.4 2.951 8.710 
4.0 1.585 2512 9.5 2.985 8.913 
4.1 1.603 2.570 9.6 3.020 9.120 
4.2 1.622 2.630 7) 3.055 9.333 
4.3 1.641 2.692 9.8 3.090 9.550 
4.4 1.660 2.754 9.9 3.126 9.772 
4.5 1.679 2.818 0.0 3.162 10.000 
4.6 698 2.884 10.1 3.199 10.23 
4.7 .718 2.951 10.2 3.236 10.47 
4.8 . 738 3.020 10.3 3.273 10.72 
4.9 .758 3.090 10.4 3.311 10.97 
5.0 .778 3.162 10.5 3.350 11,22 
al .799 ; 3.236 ‘ 10.6 . 388 2 11.48 9 
Dae, . 820 2 Se eM F 10.7 . 428 ; Pie7 5 : 
5.3 . 841 3 3.388 ‘ 10.8 .467 ; 12.02 : 
5.4 . 862 P 3.467 A 10.9 . 508 F 12.30 
535 . 884 3.548 .0 548 ; 12.59 : 
et 
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Decibels Versus Power, Voltage, and Current Ratios—Continued 


Current and 
Voltage Ratio 


Power Ratio 


_ | 
Gain Loss 
12.88 | 0.0776 
13.18 0759 
13.49 0741 
13.81 0724 
14.13 0708 
14.45 0692 
14.79 0676 
15.14 0661 
15.49 0646 
15.85 0631 
16.22 0617 
16.60 0603 
16.98 0589 
17.38 0575 
17.78 0562 
18.20 0550 
18.62 0537 
19.05 0525 
19.50 0513 
19.95 0501 
20.42 0490 
20.89 0479 
21.38 0468 
21.88 0457 
22.139 0447 
22.91 0437 
23.44 0427 
23.99 0417 
24.55 0407 
Pe \74 0398 
25.70 0389 
26.30 0380 
26.92 0372 
27.54 0363 
28.18 0355 
28.84 0347 
29.51 0339 
30.20 0331 
30.90 0324 
31.62 0316 
32.36 0309 
33.11 0302 
33.88 0295 
34.67 0288 
35.48 0282 
36.31 0275 
37515 0269 
38.02 0263 
38.91 0257 
39.81 0251 
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sensitivity of 100 uv could be expressed as —80 dbv, and a sensitivity of 10 uv as —100 
dbv, with this system. 

A table is appended giving values of transmission equivalents in terms of both power 
and current, or voltage, ratios in tenths of a decibel up to 20 db. For values above 20 db 
the tables may be used as described below. 

Example. To find the current and power ratios for a loss of 57.6 db. 

1. The power ratio of 50 db is 10~® (this being the first power ratio which is an even 
submultiple of 10 and corresponds to less than 57.6 db). 

2. The power ratio of 7.6 (57.6 — 50 = 7.6) db is 0.1738. 

3. To add decibels, power ratios must be multiplied, hence: 

Power ratio of 57.6 db = 0.1738 &K 1075 

4. The current ratio of 40 db is 0.01 (first current ratio which is an even submultiple 

of 10 and corresponds to less than 57.6 db). 


5. The current ratio of 17.6 (57.6 — 40 = 17.6) db is 0.1318. 
6. Multiplying these 1atios: 


Current ratio of 57.6 db = 0.001318 

POWER REFERENCE LEVELS. When the efficiency of a device or system is ex- 
pressed in decibels there is in general no indication of the actual amount of power in the 
device. In comparing devices it is frequently desirable to know the actual overall effi- 
ciency. In such a case this can readily be expressed in decibels, 100 per cent efficiency 
being represented by zero decibels. In many cases, however, it is more desirable that the 
relative efficiencies at different frequencies be known; in some such cases it is also desirable 
that the normal power capacity of the device be specified in such form as to be readily 
comparable with similar devices. 

For such a specification to be made when the ordinates of a characteristic are in deci- 
bels, it is only necessary to specify some arbitrary amount of power as corresponding to 
zero decibels; then every value of decibels represents a definite amount of power (or vol- 
ume level). The amount of power chosen as the reference level is completely arbitrary; 
hence it has been customary to choose some average value of power as zero level, for a 
particular type of work. 

Attempts at standardization have been made, with the result that the American Stand- 
ards Association (and IRE) has recommende ms in connection with 
a particular meter to measure levels in radio program transmission (see ASA ‘‘American 
Recommended Practice for Volume Measurements of E ical Speech and Program 
Waves,”’ Nov. 6, 1942) and has introduced the ter 

“Sh hich i or below this level. Also it has become customary to specify power in 

groups are still using other le instance, in sound-motion 

pictures the reference level is 6 a nee Also certain Fale engineers use decibels below 
or above 1 watt. 

It will apparently require further action by the American Standards Association to bring 
order out of the present chaos. The desirability of such a standard is shown by the expe- 
rience in the acoustic field where 107!° watt per sq cm was universally adopted, so that 
measurements made anywhere are everywhere intelligible. Until the adoption of such a 
standard, great care must be exercised in comparing curves and statements of levels to 
insure that correction is made for differences in reference levels. Also a statement of the 
reference used should always be included as a part of any publication of results. 
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UNITS AND CONVERSION FACTORS 


By J. G. Brainerd and Carl C. Chambers 


16. SYSTEMS OF UNITS 


The magnitude of a physical quantity has no tangible meaning except as the relative 
magnitude of that quantity as compared with some other quantity of the same nature. 
Thus, 50 ohms is a resistance having a magnitude 50 times the resistance of lohm. There- 
fore, whenever it is necessary or desirable to talk about the magnitude of a physical 
quantity, it is necessary to have a basis for comparison. This basis for a quantity is 
called the wnit of magnitude of that quantity. In order to communicate the idea of 
magnitude between different people, it is necessary that they at least know the relative 
magnitudes of their units. It is the purpose of this section to act as tool for the specifica- 
tion of the relative magnitudes of the more commonly used systems of units for physical 
quantities. 

Because of the relations defining physical laws, there are relations between the magni- 
tudes of physical quantities. It is desirable that these physical relations be expressed 
alike in the different systems of units. For instance, the relation mass X acceleration 
= force should be independent of the system of units. Therefore, unit mass times unit 
acceleration should equal unit force. This gives a relation among these three units. 

Because of such physical relations, all the mechanical units can be derived from the 
units for three fundamental quantities. The three quantities ordinarily taken as funda- 
mental are mass, length, and time. Thermal quantities are conveniently derived from 
these three quantities together with another fundamental quantity, temperature. Photo- 
metric quantities are derived from the three fundamental mechanical quantities together 
with luminous intensity as a fourth fundamental quantity. 

Similarly, electrical and magnetic quantities are derived from the three fundamental 
mechanical quantities and one fundamental electrical or magnetic quantity. 

Two systems of mechanical units are in use in English-speaking countries, the English 
and the metric systems. The metric system is used universally by physicists and to a 
great extent by engineers, although the English system is still very common in engineering. 
The English system uses the foot, the pound, and the second as the units for length, mass, 
and time, respectively. The metric system (as used in the current literature—see MKS 
system below) employs the meter, the kilogram, and the second as the units for length, 
mass, and time, respectively. 

STANDARDS OF THE FUNDAMENTAL UNITS. The physical units upon which 
these fundamental units are based and the legalized standards of the United States and 
Great Britain are described below. 

Standard of Length. The standard meter (100 cm) is the distance. between two lines 
on a platinum-iridium bar carefully preserved at the Bureau of Weights and Measures, 
at Sevres, France, when the bar is kept at a uniform temperature of 0 deg cent throughout. 
In the United States the yard (3 ft) was defined by Act of Congress, July 28, 1866, as 

600 


3 
LU.S: qd = =— 
U.S. yar 3937 meter 


and similarly the British imperial yard is defined by law as 


; 3600 
1 British i ial d = -———_ 
ritish imperial yar 3937.079 meter 
For engineering purposes the U.S. and British yards may be considered identical. 
Standard of Mass and Force. The standard kilogram (1000 grams) is the mass of 
a cylinder of platinum preserved at the Bureau of Weights and Measures, at Sévres, 
France. The U. S. pound avoirdupois is defined by law (Act of Congress, 1866) as 


kg, but in 1893, the Superintendent of Weights and Measures, with the approval of 


2.2046 
the Secretary of the Treasury, declared the pound to be 
1 
1U.8. lb = ——— 
U.S. Ib = soo aea0 Ke 


The British imperial pound has the same value. 

The same relations between the pound and kilogram hold whether these units be taken 
as units of mass or as units of force, the unit of force being defined in both cases as the pull 
of the earth on unit mass at 45 deg latitude and sea level. 
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Standard of Time. The standard second universally adopted is the 


1 
36,400 part of a 


mean solar day. The solar day is the interval of time between two successive transits of 
the sun across a meridian of the earth at the point of observation; this interval varies 
in length at different times during the year, but the average length of the interval for one 
year is constant as far as can be determined by any known methods of observation. 

Temperature Scales. Two units of temperature, or temperature scales, are commonly 
employed, viz., the centigrade and the fahrenheit units. The relation between these two 
units results solely from the manner in which they are defined. One degree centigrade 
= 9/5 degree fahrenheit. Owing to the difference in the zeros of the two scales, a tem- 
perature of ty degrees fahrenheit corresponds to a temperature of t, = 5/9(t; — 32) degrees 
centigrade, and vice versa, tr = 9/5t- + 32 degrees fahrenheit. 

Standard of Luminous Intensity. Before Jan. 1, 1948, the standard of luminous in- 
tensity was the mean intensity in the horizontal plane from a group of incandescent lamps 
maintained by the National Bureau of Standards (U. S.), in cooperation with similar 
custodians in France, Great Britain, and Germany. The International candle was a point 
source of light having an intensity of a definite fraction of this standard intensity. 

The National Bureau of Standards, in pursuance of decisions of the International Com- 
mittee on Weights and Measures, decided that, beginning Jan. 1, 1948, it would take as 
the primary standard for the system of photometric units a black-body radiator operated 
at the temperature of freezing platinum. The ‘‘candle,’”’ unit of intensity, is defined as 
one-sixtieth of the intensity of one square centimeter of such a radiator. Other units are 
derived from the candle, with the provision that when differences of color are involved the 
evaluation shall be made by means of standard spectral luminosity factors which have been 
adopted by the International Commission on Illumination and the International Com- 
mittee on Weights and Measures. 

ELECTRIC UNITS. Three systems of electric and magnetic units are in general use, 
viz., (1) the cgs electrostatic system, (2) the cgs electromagnetic system, and (3) the 
practical system. In the egs electrostatic system the dielectric coefficient, ¢, of air * at 
0 deg cent and 760 mm mercury pressure is arbitrarily chosen as unity. In the egs elec- 
tromagnetic system the magnetic permeability of air under the same standard conditions 
is arbitrarily chosen as unity. In the practical system a concrete standard of the unit of 
resistance (called the ohm) and of the unit of current (ampere) is arbitrarily chosen 
(it was stated above that only one electric or magnetic unit need be chosen; the choice of 
two leads to inconsistencies; see below); the unit of resistance is closely equal to 10° times 
the unit of resistance in the cgs electromagnetic system and the unit current is approxi- 
mately 0.1 that in the latter system. Occasionally other (special) systems are used, most 
of which are designed to get rid of a factor 447 which frequently appears in the usual 
systems. The most popular of these others is the Heaviside—Lorentz system in which 


the unit of electric charge is 1//4m of the unit in the electrostatic system. (See MKS 
system.) 

Use of the Prefixes ‘‘Stat’? and ‘‘Ab.”? To designate the electric and magnetic units 
in the electrostatic and electromagnetic systems of units respectively, the prefixes ‘‘stat’’ 
and ‘‘ab’’ may be used with the name of the corresponding practical unit. For example, 
the cgs electrostatic unit of electric charge may be called the statcoulomb and the egs 
electromagnetic unit of electric charge may be called the abcoulomb, ete. f 

Relations among the Three Systems of Electrical Units. The fundamental! relations, 
experimentally determined, between the cgs electrostatic and the cgs electromagnetic 
system is that 1 abfarad = 8.9878 X 10?° statfarads, which may be approximated for 
engineering purposes to 

1 abfarad = 9 X 107° statfarads 


which, as a consequence of the definition of the various terms, is equivalent to 
1 abcoulomb = 3 X 10!° statcoulombs 
the erg being the unit of energy in both systems. Rigorously, 
1 abcoulomb = 2.9979 X 10!° statcoulombs 
(See the article by Birge, Rev. of Mod. Phys., Vol. 1, 1 [July 1929].) 


* Rigorously, eo of free or empty space is chosen unity; for air at 0 deg cent and 76 cm mercury 
pressure «9 = 1.000585; see International Critical Tables, Vol. 6, 77, for the value of « for air under 
various conditions. este ; 

+ This abcoulomb, the unit of quantity of electricity in the electromagnetic system, should not be 
confused with an ‘absolute coulomb,”’ which is a unit closely equal to the coulomb and is what the 
latter would be if 1 international or practical ohm equaled exactly 109 abohms and 1 ampere equaled 
exactly 0.1 abamp. For engineering purposes, the difference between an absolute coulomb and a 
coulomb is negligible. 
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The fundamental relations between the cgs electromagnetic system and the practical 
system are 


1 abcoulomb 10 coulombs 


1 erg = 1077 watt-second or joule 


the erg being the unit of energy in the cgs electromagnetic system and the joule (or watt- 
second) that in the practical system. 

Practical Electrical Units. The former (see below) legal units of electrical measure in 
the United States are given in an Act of Congress, July 12, 1894. Unfortunately, the 
units there defined are not consistent with one another; for example, the unit of power 
(watt) there given is not equal to the unit of power derived from the units of current 
(ampere) and voltage (volt) as defined in the Act. The practical units (the so-called 
international units) in use before Jan. 1, 1948, are based on the following two definitions: 

The unit of resistance is the (international) ohm and is equal to the resistance offered 
to an unvarying electric current by a column of mercury at the temperature of melting ice, 
14.4521 grams in mass, of a constant cross-sectional area and 106.300 cm in length. 

The unit of current is the (international) ampere and is equal to the unvarying electric 
current which, when passed through a solution of nitrate of silver in accordance with 
certain specifications, deposits silver at the rate of 0.00111800 gram per second. 

The unit of electromotive force, the (international) volt, is derived from the above by 
Ohm’s law. Other international units are derived from these. 

The National Bureau of Standards, in agreement with decisions of the International 
Committee on Weights and Measures, decided to use as standard, beginning Jan. 1, 1948, 
the electrical units ‘‘derived from the fundamental mechanical units of length, mass, and 
time by use of accepted principles of electromagnetism, with the value of the permeability 
of space taken as unity in the centimeter-gram-second system or as 1077 in the correspond- 
ing meter-kilogram-second system.’’ The reference is to the unrationalized MKS sys- 
tem; in the rationalized MKS system, the permeability of space is 47 X 1077 henry per 
meter. 

In explanation of the legal status of the new standard, the Bureau states, ‘‘When the 
electrical units were defined by law (Public Law No. 105, 53rd Congress) in 1894 it was 
supposed that the international units were practically identical with the corresponding 
multiples of the centimeter-gram-second electromagnetic system. Alternative definitions 
were given for most of the units, and those definitions which appear to be legally control- 
ling were taken partly from one system and partly from the other. The joule and the 
watt, for example, are clearly defined as multiples of the cgs units. In brief, the absolute 
units have as good a legal basis under the terms of that act as do the present international 
units. New legislation is being proposed to remove the ambiguities of the old act, but 
there should be no objection on legal grounds to the general adoption of the absolute units 
even in advance of Congressional action.” 

Using “international” to refer to the previous standard, and ‘‘absolute” to refer to the 
new, the relations accepted by the International Committee on Weights and Measures at 
its meeting in Paris in October, 1946, are as follows: 


1 mean international ohm = 1.00049 absolute ohms 
1 mean international volt = 1.00034 absolute volts 


The mean international units to which the above equations refer are the averages of 
units as maintained in the national laboratories of the six countries (France, Germany, 
Great Britain, Japan, U.S.S.R., and the United States) which took part in this work be- 
fore the war. The units maintained by the National Bureau of Standards differ from 
these average units by a few parts in a million, so that the conversion factors for adjusting 
values of standards in this country will he as follows: 


1 international ohm (U. 8.) = 1.000495 absolute ohms 
1 international volt (U. S.) = 1.00033 absolute volts. 
Other electrical units will be changed by amounts shown in the following table: 


0.999835 absolute ampere 
0.999835 absolute coulomb 
1.000495 absolute henrys 
0.999505 absolute farad 
1.000165 absolute watts 
1.000165 absolute joules 


1 international ampere 


1 international coulomb 


1 international henry 


1 international farad 
1 international watt 


1 international joule 
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The Act of 1894 defined the international ohm as previously stated, but defined the ampere 
as 0.1 abampere. These units give rise to the so-called ‘‘semiabsolute” system, which is 
seldom used. 

THE MKS SYSTEM OF UNITS. In 1904 Giorgi proposed a system of units in which 
the fundamental units were the meter, the kilogram, the second, and the ohm. Using 
this system of fundamental units, the permeability of free space is up = 47 X 1077 henry 
per meter, and the equations of electricity and magnetism, using the practical units, 
become equations without factors such as 108, etc. Such a system is similar to the so- 
called absolute systems such as the cgs electromagnetic and the cgs electrostatic systems. 
It follows from the theory of radiation of electromagnetic waves that the dielectric coeffi- 


; 1 i ; 
cient €) = ia , where c is the ratio of electromagnetic to electrostatic units, which can be 
0 


taken as the velocity of light in free space. 

The International Committee of Weights and Measures, at its meeting in October 1946, 
decided that the actual substitution of this absolute system of electrical units for the inter- 
national system should take place on January 1, 1948. 

The units are then defined by a set of definitions such as follows: 

(a) Ampere. The ampere is the constant current which, maintained in two parallel 
rectilinear conductors of infinite length separated by a distance of 1 meter, produces 
between these conductors a force equal to 2 X 1077 mks (meter-kilogram-second) units 
of force per meter of length. 

(b) Volt. The volt is the difference of electrical potential between two points of a 
conductor carrying a constant current of 1 ampere when the power dissipated between 
these points is equal to 1 mks unit of power (watt). 

(c) Coulomb. The coulomb is the quantity of electricity transported each second by 
a current of 1 ampere. 

(d) Ohm. The ohm is the electrical resistance between two points of a conductor 
when a constant difference of potential of 1 volt, applied between these points, produces 
in the conductor a current of 1 ampere, the conductor not being the seat of an electro- 
motive force. 

(e) Weber. The weber is the magnetic flux which, traversing a circuit of a single 
turn, would produce an electromotive force of 1 volt, if brought to zero in 1 second with 
uniform diminution. 

(f) Henry. The henry is the inductance of a closed circuit in which an electromotive 
force of 1 volt is produced when the electric current traversing the circuit varies uni- 
formly at the rate of 1 ampere per second. 

(gz) Farad. The farad is the electrical capacitance of a capacitor between the plates 
of which appears an electrical difference of potential of 1 volt, when charged with 1 coulomb 
of electric charge. 

The original Giorgi MKS system chose the ohm as the fourth fundamental unit. This 
choice has not been confirmed. The electrical fundamental unit could be almost any of 
the electrical units. No particular unit has as yet been chosen as fundamental. The 
preferences seem to be divided between the ampere, the ohm, the permeability, and the 
coulomb. 

The original Ciorgi MKS system chose uo = 471077 henry per meter, the 47 factor caus- 
ing the electromagnetic formulas expressing rectilinear symmetry, such as the Maxwell 
equations, to be free of the factor 47, and the electromagnetic formulas expressing circular 
symmetry, such as Coulomb’s law, to contain the factor 47. Such a system is called a 
rationalized system as contrasted with a non-rationalized system, examples of which are 
the electromagnetic and the electrostatic egs systems. The non-rationalized MKS system 
corresponding to the original Giorgi system is defined by the choice of wo = 107’. This 
changes the values of some of the units as shown in the table below. 
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Rationalized MKS Units and Corresponding CGS Electromagnetic Units 
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Multiply mks units by F to obtain cgs units 


Quantity Symbol MKS Unit CGS Unit F 
Mechanical 2 
WOM PtH oo ceece.osiske sous ace a's L m cm 10° 
IVUaSS eo. Seah. cians erator M kg g 10 
Time hres asek sehen Ti sec sec ! j 
AOE ci anys ete tonss See ashe Oxorue ce S sqm sq cm 10° 
WVOUIINIO.. cio. c's vais nye ee eee V cu m (stere) cu cm 10 
Prequency. vs. .ses veces if cycle per sec (hertz) cycle per sec ee 
Dens ityz Mee oie Sia ee skates d kg per cum g per cu cm 10) 
Welocityekicn scisvaxcre ore oauiels v m per sec cm per sec 10) 
Acceleration. ............ a m per sec per sec cm per sec per sec 10° 
MORCe rh Sela sre ave etee eh F newton (j per m) dyne 10 
PRESS UTC Sesaies. saisialerews:n oveseters p newton per sq m dyne per sq cm 10 
PANTO cre tye ceed oscuro Gin a,B | radian radian 1 
Angular velocity.......... w radian per sec radian per sec iF 
MOrque Mets Se eaters wicescke T j per radian dyne cm 10, 
Moment of inertia........ df kg-sq m g-sq cm 10 
Energetics 7 
Work-or energy... 2.4.2. W i erg 10 
Volume energy or energy 
ASDS bY: ayy terecieusioiedare evereis w j per cum erg per cu cm 10 
Active power............. Jz Ww erg per sec 107 
Reactive power........... Q var erg per sec 107 
Thermal 
Quantity of heat cae wots Q kg cal g cal 103 
Mem peratures vais eiss eee cies 0 C or K Cor K | 
Luminous 
NTGONSIT YAR a ois hal cee chats teal I candle candle 1 
Diminous AMwx i Seay y i ] | 
MUPMINS tONer.reneatele aes E lux phot 1074 
Brightnessanyci vce sate rere b candle per sq m stilb 1074 
Electrical 
Electromotive force....... E volt abvolt 108 
Potential gradient or elec- 
tric field intensity....... E volt per m abvolt per cm 106 
Resistance n-ne se seco: R ohm abohm 109 
IRESIS CLVAb Vier crereierrtalon “te plone p ohm-m abohm-cm 1011 
Conductance............. G siemens, mho abmho 1079 
C@onductivityaneeeee ete x mho per m abmho per cm 10711 
Quantity or displacement. . Q coulomb abcoulomb 1071 
Current Adda con sre stpslicd I amp abamp 1071 
Mlectric fuxcsivs sepa ory: tara Vv coulomb abcoulomb 1071 
Whixidensityse oer atts D coulomb per sq m abcoulomb per sq em | 107° 
Current density.......... a ampere per sq m abampere per sq cm 1075 
Capacitance s.nckacen secon rere Ci fara abfarad 10-9 
Specific inductive capacity. «/€0 numeric numeric i] 
ee coefficient for ' 
ree space or space ca- 21 
PACA a pe ctecRornist« «| 107/4rc® = 8.854 X 10-12 | oa = FINS X 10 
Magnetic 
Magnetomotive force...... oF amp-turn gilbert 4r 1071 
Magnetizing force or mag- 
netic field intensity. .... H amp-turn per m oersted 4x 10-3 
Space permeability........ my 4710-7 = 1.257 X 1078 i} 
Relative permeability. .... w/o numeric numeric 1 
Magnetic flux........ ab ® weber maxwell 108 
Mluxadensity: cc. -psaryeretyels B weber per sq m gauss 104 
Reluctance yen. arr iietes R amp-turn per weber 4r 1079 
Permeancer.s aces. seeniae P weber per amp-turn 109/44 
Inductance een ce iene L henry abhenry 10° 
Poleistrengthiy. neces see m weber maxwell/ 4 108/47 
Magnetization caer scree By weber per sq m = Joho. 104/44 
Magnetic moment........ mM weber-m maxwell-cm/ 4 1019/4u 
Rationalized MKS Units and Corresponding Non-rationalized Units 
Multiply non-rationalized mks units bv I’ to obtain rationalized mks units 
Quantity Symbol Name of Rationalized MKS Units F 
Electrical 
Electric flux.. Vv coulomb 4 
LUGe GSTeonosccodo vos D coulomb per sq m 4 
Space capacitivity........ €0 farad per m 4a 
Magnetic 
Magnetomotive force...... M or F amp-turn 1/4r 
Magnetizing force......... H amp-turn per m 1/ 4x 
Space permeability........ LO henry per m 4a 
Permeance san. oeshstcaee ven P weber per amp-turn 4a 
Reluctance........ R amp-turn per weber 1/4r 
Pole strength........ m weber 4x 
Magnetic moment Me | weber-m 4 
Pluxdensity - 0a... on. B | weber per sq m 4 
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17. CONVERSION TABLES 
Table 1. Length [Z] 


of >> 


S 
to 
Obtain S 
+ 


Centimeters 


Centimeters 
Kilometers 
Nautical miles 
Millimeters 


Oo 


Feet 


Inches 


Kilometers 


Nautical miles 


Meters 


Mils 


Miles 


Metric Multiples 


10° microns = 10? millimeters = 10? centimeters = 10 decimeters = 1 meter 
= 107! dekameter = 107-2 hectometer = 107% kilometer = 107-4 myriameter 


= 10~§ megameter = 10/9 Angstrom Units. 


Land Measure 


7.92 inches = 1 link 
25 links = 1 rod = 16.5 feet = 5.5 yards (1 rod = 1 pole = 1 perch) 
4 rods = 1 chain (Gunther’s) = 66 feet = 22 yards = 100 links 
10 chains = 1 furlong = 660 feet = 220 yards = 1000 links = 40 rods 
8 furlongs = 1 mile = 5280 feet = 1760 yards = 8000 links = 320 rods = 80 chains 


Ropes and Cables 
2 yards = 1 fathom 120 fathoms = 1 cable’s length 


Nautical Measure 


6080.27 feet = 1 knot = 1 nautical mile = 1.15156 statute miles 
3 nautical miles = 1 league (U. 8.) 3 statute miles = 1 league (Gr. Britain) 


(Note.—A knot, or nautical mile, is the length of a minute of longitude of the earth 
at the equator at sea level. The British Admiralty uses the round figure of 6080 feet. 
The word ‘‘knot’’ is frequently used also to denote ‘‘nautical miles per hour.’’) 


Miscellaneous 


3 inches = 1 palm 9 inches 


a 1 span 
4 inches = 1 hand 2 1/9 feet 


1 military pace 
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Table 2. Area [L*] 


Multiply 
Number 


of—> 


to 
Obtain 


+ 


Acres 


Square millimeters 


Square inches 
Square kilometers 
Square meters 
Square miles 
Square yards 


Circular mils 
| Square centimeters 
Square feet 


iJ 
‘Oo 
an 


-5 


S 
x 
—) 

ts 


o, 
x 


Circular mils 1.973) ||| 1.833%) 1.273 
108 


Square centimeters { : 1010 104 | 2.590 | 0.01 8361 
X 1010 


Square feet ; , ; 1.076 | 10.76 | 2.788 | 1.076 


107 | X10-5 


Square inches 1.550 | 1550 | 4.015 | 1.550 | 1296 
X109 | X10-3 


Square kilometers F ; : 2.590 | 10-12 | 8.361 
1057 


Square meters ; , ‘ 2.590 | 10-6 | 0.8361 

x 106 

Square miles 4 ; ; 0.3861 | 3.861 | 3.861 | 3.228 
x<10-7 10-33) x 10-7 


Square millimeters { é 645.2 1012 106 | 8.361 
x 105 


Square yards : 7.716 | 1,196 | 1,196 1,196 J 
10-4 |_< 108 10-6 


Land Measure 


30 1/4 square yards = 1 square rod = 272 1/4 square feet 


16 square rods = 1 square chain = 484 square yards = 4356 square feet 
2 1/2 square chains = 1 rood = 40 square rods = 1210 square yards 
4 roods = 1 acre = 10 square chains = 160 square rods 
640 acres = 1 square mile = 2560 roods = 102,400 square rods 


1 section of land= 1 square mile; 1 quarter section = 160 acres 


Architect’s Measure 


100 square feet = 1 square 


Circular Inch and Circular Mil 


A circular inch is the area of a circle 1 inch in diameter = 0.7854 square inch 

1 square inch = 1.2732 circular inches 

A circular mil is the area of a circle 1 mil (or 0,001 inch) in diameter = 0.7854 square mil 
1 square mil = 1.2732 circular mils 

1 circular inch = 10° circular mils = 0.7854 X 108 square mils 

1 square inch = 1.2732 X 10° circular mils = 10° square mils 


Metric Multiples 


1 square meter = 1 centiare = 10~? are = 10~4 hectare 
= 10~6 square kilometer = 1078 square myriameter 
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Table 3. Volume [L*] 


Cubic centimeters 

Cubic feet 

Cubic inches 

Cubic meters 
(steres) 

Cubic yards 

Gallons (liquid) 

Pints (liquid) 

Quarts (liquid) 


b 
co 
Ww 
co 


Busheis (dry) 0.8036 | 4.651 2.838 
x<10-4 x10-2 
Cubic centimeters 3.524 2.832 | 16.39 106 7.646 | 3785 | 1000 | 473.2 | 946.4 
x 104 x 104 106 


Cubic feet 1.2445 x 5.787 | 35.31 27——«| 0.1337) 3.531 | 1.671 
x<10-4 X10-2 | 10-2 | x 10-2 
Cubic inches 2150.4 ; 6.102 | 46,656 | 231 | 61.02 | 28.87 | 57.75 
x 104 


Cubic meters 3.524 : j 0.7646 | 3.785 | 0.001 | 4.732 ) 9.464 
(steres) x10 x<10-4 | 10-4 


Cubic yards 
Gallons (liquid) 


Liters 


Pints (liquid) 


Quarts (liquid)...... 


Acre-feet: multiply number of acre-feet by 4.356 X 104 to obtain number of cubic feet; 
multiply by 3.259 X 10° to obtain number of gallons. 


Metric Multiples 


10 milliliters = 1 centiliter = 0.338 fluid ounce 

10 centiliters = 1 deciliter 0.845 liquid gill 

10 deciliters = 1 liter 1.0567 liquid quarts 
10 liters = 1 dekaliter 2.6417 liquid gallons 
10 dekaliters = 1 hectoliter 2.8375 U.S. bushels 
10 hectoliters = 1 kiloliter (or stere) 28.375 U.S. bushels 


ll 


Cubic Measure 


1 cord of wood = a pile cut 4 feet long, piled 4 feet high and 8 feet on the 
ground = 128 cubic feet 
1 perch of stone = a quantity 1 1/2 feet thick, 1 foot high and 16 1/2 feet long 
= 24 3/4 cubic feet 
(Norre.—A perch of stone is, however, often computed differently in different locali- 
ties; thus, in most if not all of the States and Territories west of the Mississippi, stone- 


masons figure rubble by the perch of 16 1/2 cubic feet. In Philadelphia, 22 cubic feet are 
called a perch. In Chicago, stone is measured by the cord of 100 cubic feet. Check 


should be made against local practice.) 
Board Measure 


In board measure, boards are assumed to be one inch in thickness. Therefore, feet 
board measure of a stick of square timber = length in feet X breadth in feet X thickness 


in inches. 
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Shipping Measure 


For register tonnage or measurement of the entire internal capacity of a vessel, it is 
arbitrarily assumed, to facilitate computation, that: 


100 cubic feet = 1 register ton 


For the measurement of cargo: 


40 cubic feet = 1 U.S. shipping ton = 32.143 U.S. bushels 
42 cubic feet = 1 British shipping ton = 32.703 Imperial bushels 


Dry Measure 


One U. S. Winchester bushel contains 1.2445 cubic feet or 2150.42 cubic inches. It 
holds 77.601 pounds distilled water at 62 deg fahr. 

(Norn.—The above is a struck bushel. A heaped bushel in general equals 1 1/4 struck 
pushels, although for apples and pears it contains 1.2731 struck bushels = 2737.72 cubie 
inches.) 

One U.S. gallon (dry measure) = 1/g bushel and contains 268.8 cubic inches. 

(Norr.—This is not a legal U. S. dry measure and therefore is given for comparison 
only.) 

One British Imperial bushel contains 1.2843 cubic feet or 2219.36 cubic inches. It holds 
80 pounds distilled water at 62 deg fahr. 

One British Imperial gallon = 1/g Imperial bushel and contains 277.42 cubic inches. 


1 Winchester bushel = 0.9694 Imperial bushel 
1 Imperial bushel = 1.032 Winchester bushels 
Same relations as above maintain for gallons (dry measure) 


[Notr.—1 U.S. gallon (dry) = 1.164 U.S. gallons (liquid).] 


U.S. Units 
67.2 cubic inches 
268.8 cubic inches 
537.6 cubic inches 
2150.42 cubic inches 


1 quart 

4 quarts 1 gallon * = 8 pints 

2 gallons * = 1 peck = 16 pints = 8 quarts 

4 pecks = 1 bushel = 64 pints = 32 quarts = 8 gallons * 
1 cubic foot contains 6.428 gallons (dry measure) * 


2 pints 


Liquid Measure 


One U. 8. gallon (liquid measure) contains 231 cubic inches. It holds 8.336 pounds 
distilled water at 62 deg fahr. 

One British Imperial gallon contains 277.42 cubic inches. It holds 10 pounds distilled 
water at 62 deg fahr. 


1 U.S. gallon (liquid) = 0.8327 Imperial gallon 
1 Imperial gallon = 1.201 U.S. gallons (liquid) 


[Notr.—1 U. S. gallon (liquid) = 0.8594 U.S. gallon (dry).] 


0.8. Units 
16 fluid ounces 


4 gills 1 pint 
2 pints 1 quart = 8 gills 32 fluid ounces 
4 quarts = 1 gallon = 32 gills = 8 pints = 128 fluid ounces 
1 cubic foot contains 7.4805 gallons (liquid measure) 


ll 
ll 


Apothecaries’ Fluid Measure 
60 minims = 1 fluid drachm. 8 drachms = 1 fluid ounce 


In the U. S. a fluid ounce is the 128th part of a U.S. gallon, or 1.805 cu in. or 
29.58 cucm. It contains 455.8 grains of water at 62 deg fahr. In Great Britain the fluid 
ounce is 1.732 cu in. and contains 1 ounce avoirdupois (or 437.5 grains) of water at 62 deg 
fahr. 


* The gallon is not a U. 8. legal dry measure. 


Table 4. Plane Angle [No Dimensions] 


Multiply 
Number 
of > Revolu- 


Degrees Minutes Quadrants | Radians * ue nee Second 
to. (Circum- ~ 
ferences) 


Obtain 


Degrees 


Minutes 


Quadrants 


Radians * 


Revolutions * ; 0.1591 
(Circumferences) 


Seconds 3.24105 | 2.063 X 105 | 1.296108 


* 27 radians = 1 circumference = 360 degrees by definition. 


Tabie 5. Solid Angle [No Dimensions] 


Multiply 
Number 
of >> 
Spherical 


riehtnncies Steradians t 


, Hemispheres] Spheres * 
° 


Obtain 


Hemispheres 0.25 0.1592 


Spheres * 02125 7.958 K 10-2 


Spherical right angles 1 0.6366 


Steradians t 6. 283 12057. 1 
* A sphere is the total solid angle about a point. [| 4a steradians = 1 sphere by definition. 
Table 6. Time [7] 


Multiply 
Number 


of => 


Months 


s d 
(average) * eee 


to 
Obtain 


Days 


Hours 


Minutes 


Months (average) * 


Seconds 


Weeks 0.1429 


* One common year = 365 days; one leap year = 366 days; one average month = 42 of a 
common year. 
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Table 7. Linear Velocity [LT—] 


Multiply 


Feet per minute 
Feet per second 
Kilometers per hour 
Miles per hour 
Miles per minute 


Centimeters 44.70 | 2682 


per second 


Feet per minute 


Feet per second 


Kilometers per hour 


Kilometers : : : 3.088 | 0.001 
per minute x10-2 


Knots* : : : 0.5396 | 32.38 


Meters per minute 


Meters per second ‘ ; 0.3048 | 0.2778 | 16.67 | 0.5148 | 1.667 
x10 


Miles per hour 2 : 0.6818 | 0.6214 | 37.28 | 1.152 | 3.728 


Miles per minute és 4 : 1.036 | 0.6214 | 1.919 | 6.214 | 3.728 | 1.667 
X10-2 10-2 | xX10-4| X10-2 | xX10~2 


* Nautical miles per hour. 


The Miner’s Inch 
(Used in Measuring Flow of Water) 


An Act of the California legislature, May 23, 1901, makes the standard miner’s inch 
1.5 cu ft per minute, measured through any aperture or orifice. 

The term miner’s inch is more or less indefinite, for the reason that California water 
companies do not all use the same head above the center of the aperture, and the inch 
varies from 1.36 to 1.73 cu ft per minute, but the most common measurement is through 
an aperture 2 in. high and whatever length is required, and through a plank 1 1/4 in. thick. 
The lower edge of the aperture should be 2 in. above the bottom of the measuring-box, 
and the plank 5 in. high above the aperture, thus making a 6-in. head above the center 
of the stream. Each square inch of this opening represents a miner’s inch, which is equal 
to a flow of 1.5 cu ft per minute. 
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Table &. Angular Velocity [T—] 


Multiply 
Number 
of = 
Degrees Radians Revolutions | Revolutions 


Fa per second | per second | per minute per second 


Obtain 


Degrees per second 


Radians per second 


Revolutions per minute 0.1667 9.549 


Revolutions per second 2.778 X 10-3) 0.1592 
Table 9. Linear Acceleration * [LT~?] 


Multiply 
Number 


of => 


Centimeters Feet Kilometers Meters Miles 
per second per second per hour per second per hour 


Centimeters per second 
per second 
Feet per second per 
second 3.281 X 10-2 
Kilometers per hour 
per second 
Meters per second per 
second 


Miles per hour per 
second yy iy an he 0.6818 0.6214 


* The (standard) acceleration due to gravity (go) = 980.7 cm persec per sec = 32.17 feet 
per sec per sec = 35.30 km per hour per sec = 9.807 meters per sec per sec = 21.94 miles per hour 


per sec. 


Table 10. Angular Acceleration [T~7] 


Multiply 
Number 


of > 


Radians |Revolutions |Revolutions |Revolutions 
per second | per minute | per minute | per second 


to : per second | per minute |} per second | per seeond 
Obtain 


Radians per second per second 1 1.745 10-3) 0.1047 6. 283 


Revolutions per minute per minute 573.0 1 3600 


Revolutions per minute per second 9.549 1.667 10-2 60 
Revolutions per second per second 0.1592 |2.778x 10-4)1.667 x 10-2 1 
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Table 11. Mass [M] and Weight * 


Multiply 
Number 


of —> 


Tons (long) 
Tons (metric) 
Tons (short) 


Kalograms 


Milligrams 


Ounces t ; ; ; ; ae 3.527 
x 


Pounds ¢ : ? j : : 2240 2205 


Tons (long) : : : f é 1 0.9842 | 0.8929 


Tons (metric) 


Tons (short) 3 1.102 1.102 : ; 1.120 | 1.102 
x 10-3 x 10-9 


* These same conversion factors apply to the gravitational units of force having the corresponding 


names. The dimensions of these units when used as gravitational units of force are MLT~2; see 
table for Force. 


ft Avoirdupois pounds and ounces. 


Metric Multiples 
10° micrograms = 10% milligrams = 102 centigrams = 10 decigrams = 1 gram = 
107 dekagram = 10~? hectogram = 107° kilogram = 1074 myriagram = 107* mega- 
gram 
Avoirdupois Weight 
(Used Commercially) 


27.343 grains 1 drachm 


20 hundredweight 1 gross or long ton * 
2000 pounds 1 net or short ton 


(* Norr.—The long ton is used by the U. S. custom-houses in collecting duties upon 
foreign goods. It is also used in freighting coal and selling it wholesale.) 


14 pounds = 1 stone; 100 pounds = 1 quintal 


Troy Weight 
(Used in weighing gold or silver) 
24 grains = 1 pennyweight (dwt) 
20 pennyweights = 1 ounce (oz) = 480 grains 
12 ounces = 1 pound (lb) = 5760 grains 
The grain is the same in Avoirdupois, Troy and Apothecaries’ weights. A carat, for 
weighing diamonds = 3.086 grains = 0.200 gram. (International Standard, 1913.) 


1 pound troy = .8229 pound avoirdupois 
1 pound avoirdupois = 1.2153 pounds trov 


16 drachms = 1 ounce (0z) = 437.5 grains 

16 ounces = 1 pound (lb) = 7000 grains 

28 pounds = 1 quarter (qr) 

4 quarters = 1 hundredweight (cwt) = 112 pounds 
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Apothecaries’ Weight 
(Used in compounding medicines) 
20 grains = 1 scruple (0) 
3 scruples = 1 drachm (3) = 60 grains 
8 drachms= 1 ounce (3) = 480 grains 
12 ounces = 1 pound (lb) = 5760 grains 
The grain is the same in Avoirdupois, Troy and Apothecaries’ weights. 
1 pound apothecaries = 0.82286 pound avoirdupois 
1 pound avoirdupois = 1.2153.pounds apothecaries 


Table 12. Density or Mass per Unit Volume [ML~ ] 


Multiply 
Number 


of => 


Grams per | Kilograms 
cubic per 
centimeter | cubic meter 


Pounds per | Pounds per 


to cubic foot | cubic inch 


Obtain 


Grams per cubic centimeter 0.901 1.602 10-2 27.68 


Kilograms per cubic meter 16.02 2.768 x 104 


Pounds per cubic foot 62. 43 6.243 x 10-2 


Pounds per cubic inch 3.613 X 10-2)3.613 &K 10-5|5.787 x 10-4 


Pounds per mil foot * 3.405 < 10-7|3.405x 10-19]5. 456 x 10-99. 425 x 1075 


* Unit of volume is a volume one foot long and one circular mil in cross-section area. 
Table 13. Force * [MLT~] or [F] 


Multiply 
Number 
of => 
Joules 


to per cm 
Obtain 


+ 


Dynes : 9.807 4.448 


Joules Kilo- 
pe meter crane Pounds | Poundals 
newtons) 


Grams 5 4 102.0 1000 


Joules per cm 


Joules per meter 
(newtons) 


Kilograms 


Pounds F 2.205 22.48 


Poundals : 7.093 723.3 /, 70.93 32.17 
x 10-5 x 10-2 


* Conversion factors between absolute and gravitational units apply only under standard 
acceleration due to gravity conditions, 
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Table 14. Torque or Moment of Force [ML?T~] or [FL] * 


Multiply 
Number 


of > 


Dyne- Gram- Kilogram- 


centimeters centimeters meters Pound-feet 


to 
Obtain 


Dyne-centimeters I 980.7 9.807 < 107 | 1.356 x 107 107 


Gram-centimeters 1.020 x 1078 1 105 1.383 x 104 | 1.020 x 104 


Kilogram-meters 1.020 x 1078 [Ome 1 0. 1383 0. 1020 


Pound-feet 7.376 X 10-8 | 7.233 x 10> 7.233 1 0.7376 


Newton-meter 10m 9.807 x 10-4 9.807 : 1 


* Same dimensions as energy. 


Table 15. Pressure or Force per Unit Area [MELT] or [FL~?] 


Multiply 
Number 


square centimeter { 
cury at 0° Ct 
square meter § 
square foot 

square inch 
square foot 

square meter 


Baryes or dynes per 
at 0° Ct 


Centimeters of mer- 
Inches of mercury 


Atmospheres * 
Inches of water 
Kilograms per 
Pounds per 
Pounds per 
Tons (short) per 
Newtons per 


fos) 
nan 
vo} 


6.804 | 0.9450 
x 1072 


w 
a 
Neo 
w& 
> 
S 


Atmospheres * 


x: 
S 
& 
X 0 


} Baryes or dynes per ‘ ¢ i 6.895 | 9.576 
square centimeter + « 104 | x 10° 


x 
= 


5.171 | 71.83 


_ 


Centimeters of mer- 
eury at 0°C t 


Inches of mereury at 7 0.3937 : b 5 2.036 | 28:28 
o°ct 


Inches of water at b 4 5.354 | 13.60 : ; 27.68 | 384.5 
4°C 


Kilograms per square 5 136.0 | 345.3 | 25.40 fs 703.1 | 9765 
meter § 


Pounds per square : 27.85 | 70.73 | 5.204 § 144 2000 
foot 3 


} Pounds per square 9 0.1934 | 0.4912} 3.613 ; 13.89 
inch 5 x 1072 


Tons (short) per 1.044 1.392 | 3.536 | 2.601 
square foot «x 1075 | & 1072 |x 1072] & 107-3 


} Newtons per square 10-4 1.333 | 3.386 | 2.491 9.807 
meter x 103 | «103 | x 10-4 


* Definition: One atmosphere (standard) = 76 cm of mercury at 0 deg cent. 
+ Sometimes called a bar. 
t To convert height h of a column of mercury at ¢ degrees Centigrade to the equivalent height ho at 0 deg cent use 
—lt 

ho =h { 1- mat where m = 0.0001818 and / = 18.4 X 10~° if the scale is engraved on brass; 1 = 8.5 X 1076 
if on glass. This assumes the scale is correct at 0 deg cent; for other cases (any liquid) see International Critical Tables, 
Vol. 1, 68. 

§ 1 gram per sq cm = 10 kilograms per sq m. 
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Table 16. Energy, Work and Heat * [ML?T~?] or [FL] 


Multiply 
Number 


of > 


watt-seconds 


Ergs or centimeter- 
calories ¢ 


British thermal 
Centimeter-grams 
Foot-pounds 
Horsepower-hours 
Joules t or 
Kilogram- 
Kilowatt-hours 
Meter-kilograms 
Watt-hours 


iS) 


British thermal 
units T 


9.297 | 3.413 


Oo 


Centimeter-grams 


Ergs or centimeter- 
dynes 


Foot-pounds 


Horsepower-hours 


Joules t or watt- 
seconds 


Kilogram-calories t 


Kilowatt-hours 


Meter-kilograms 


Watt-hours 0.2930 | 2.724 | 2.778 
10-8 | 10-1 


* See note at the bottom of Table 17. 

t+ Mean calorie and Btu used throughout. One gram-calorie = 0.001 kilogram-calorie; one 
Ostwald calorie = 0.01 kilogram-calorie. 

The IT cal, 1000 international steam-table calories, has been defined a the 1/860th part of the 
international kilowatthour (see Mechanical Engineering, Nov., 1935, p. 710). Its value is very 
nearly equal to the mean kilogram-calorie, 1 IT cal = 1.00037 kilogram-calories (mean). 1 Btu = 
251.996 IT cal. . ; : 

t Absolute joule, defined as 107 ergs. The international joule, based on the international ohm 
and ampere, equala 1.0003 absolute joules, 
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Table 17. Power or Rate of Doing Work * [ML2T~*] or [FLT] 


Multiply | 2 ts 
Number} = mS is 3 3 5 
a 
Lag A 8 | a g > | 32 z 
See 2 Es g Pe as 2 s 
2g 3 8 eae g aa 3 a 
ds a = eg ¢ | By | E ‘e 
25 n ~ 2g B eS 3 Ss Be] 
Set ae Ae = \ [ioe . |ee) eee 
British thermal units 5.689 7.712 41.83 | 5.689 
per minute One «10-2 x 10-2 
Ergs per second 1.758 1 7.355 
x 108 3 xX 109 
Foot-pounds per 778.0 4.426 F ; 3.255 
minute x 10-6 x 104 
Foot-pounds per 12.97 7.376 : : 5 542.5 | 0.7376 
second x 10-8 
Horsepower * RS Y | 1.341 ; 1.818 E 3 0.9863 | 1.341 
10-2 | 10-10 «10-3 x 10-3 
Kilogram-calories 0.2520 1.433 : 1.943 : é 10.54 | 1.433 
per minute x 10-9 x< 10-2 x 10-2 
Kilowatts 1.758 10-10 : 1.356 0.7457 | 6.977 0.7355 10-3 
x10-2 x 10-3 x 10-2 
Metric horsepower 2.390 1.360 : 1.843 1.014 9.485 1.360 1.360 
10-2 | «10-10 10-3 10-2 «10-3 
Watts 17.58 10-7 : 1.356 745.7 69.77 1000 735.5 1 
1 Cheval-vapeur = 75 kilogram-meters per second 
1 Poncelet = 100 kilogram-meters per second 


* The “‘horsepower’”’ used in these tables is equal to 550 foot-pounds per second by definition. 
Other definitions are one horsepower equals 746 watts (U. S. and Great Britain) and one horsepower 
equals 736 watts (continental Europe). Neither of these latter definitions is equivalent to the first; 
the Scop AAI UM defined in these latter definitions are widely used in the rating of electrical 
machinery. 


Table 18. Quantity of Electricity and Electric Flux [Q] 


Multiply 
Number 


of > 
Stat- 
coulombs 


Ampere- 
hours 


‘ Abcoulombs Coulombs Faradays 
C) 


Obtain 


Abcoulombs * 


Ampere-hours 


Coulombs 


Faradays 


Statcoulombs * 


* Conventionally, in the electrostatic and electromagnetic systems of units, the number of lines of 
electric flux emanating from a point charge is 47 times that charge (or quantity of electricity). The 
statcoulomb and the abcoulomb are units of charge, not flux. 


Table 19. 
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Charge per Unit Area and Electric Flux Density [OL ~| 


Multiply 
Number 
of > Abcoulombs Coulombs Coulombs Statcoulombs Coulombs 
3 per square per square per square per square per square 
to da centimeter * centimeter inch centimeter meter 
Obtain Si 
Abcoulombs per square centi- 1 0.1 1.550 X 10-2 | 3.335 x 10712 10> 
centimeter * 
Coulombs per square 10 I 0. 1550 3.335 <107 2° 10~4 
centimeter 
Coulombs per square inch 64.52 6.452 1 2.151 % 1079 | 6.452 x 1074 
Statcoulombs per square 2.998 K 1049 | 2.998 % 109 | 4.647 x 108 1 2.998 x 10° 
centimeter * 
Coulombs per square meter 10° 104 1550 3.335 x 10~§ 


* See footnote to Table 18. 


of > 
Se 
+ 


Abamperes 


Table 20. Electric Current [QT] 


Multiply 
Number 


Abamperes 


Amperes 


Statamperes 


353350 mes 


Amperes 


10 


353 35x Omen 


Statamperes 


2.998 


028 


2.998 x 10° 


1 


Table 21. Current Density [OT 1L~] 
Multiply 
Number 
of > Abamperes Amperes Amperes Statamperes Amperes 
per square per square per square per square per square 
— centimeter centimeter inch centimeter meter 
Abamperes per square 1 0.1 1.550 X 1072 | 3.335 & 1071! 10-6 
centimeter 
Amperes per square 10 I 0. 1550 35335 C10m ee 10-4 
centimeter 
Amperes per square inch 64.52 6.452 | 2.151 X 1079 | 6.452 x 1074 
Statamperes per square 2.998 X 1019 | 2.998 x 109 | 4.647 x 108 1 2.998 x 10° 
centimeter 
Amperes per square meter 10° 104 1550 3.335 x 10-6 
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Table 22. Electric Potential and Electromotive Force [MQ 'L’T ~?] or [FQ“Z] 


Multiply 


to 
Obtain 


Abvolts 


Microvolts 


Millivolts 


Statvolts 


Volts 


Table 23. 


Multiply 
Number 


to 
Obtain 


Abvolts per 
centimeter 


Number 


of > 


Abvolts 


Microvolts 


Millivolts 


Statvolts 


Electric Field Intensity and Potential Gradient [MQ LT] or [FQ 4] 


Abvolis 
per 
centi- 
meter 


Statvolts 
per 
centi- 
meter 


x 1019 


3.937 


Volts 
per 
meter 


} Microvolts per 
meter 


SheBy/ 
x 104° 


Millivolts per 
meter 


0.001 


0.001 


33937, 
x 107 


Statvolts per 
centimeter 


32335 
x 10711 


3.335 
x 10711 


3.335 
x 1078 


1.313 


Volts per 
centimeter 


1078 


idm 


1m 


299.8 


} Kilovolts per 
centimeter 


Volts per inch 


10712 


10714 


105% 


0.2998 


2.540 
x 1078 


2.540 
alms 


2.540 
x 1075 


761.6 


393.7 


0. 3937 


1000 


Volts per mil 


2.540 
x 10741 


2.540 
Sv 19711 


2.540 
G10 


0.7616 


Volts per meter 


10-6 


10-6 


10-3 


2.998 
x 104 


108 
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Table 24. Electric Resistance [MQ~°L?T~!] or [FQ~°LT] 


Multiply 
Number 


of 


ee 


Abohms 


to 
Obtain 


Megoh ms 
Microhms 
Ohms 


Statohms 


1 mho = 1 ohm? 


Microhms 


Electrical Conductance [F1QL 1T—] 


10-§ megmho = 10° micromho 


Obms 
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Statohms 


Table 25. Electric Resistivity * [WQ?L3T—] or [FO °L’T] 
Multiply 
Number 
of > Microhm- Oh 
Abohm- nee Microhm- Ohms (au Ohm- 
centimeters meters inches (mil, foot) gram) } meters 
Obtain SSS 
+ 
. 105 
Abohm-centimeters I 1000 2540 166.2 ss 1014 
5 2 100 
Microhm-centimeters 0.001 1 2.540 0. 1662 os 108 
; : = ay || SDSEY/ 7 
Microhm-inches 3.937 X 10 0. 3937 1 6.545 X 10 a 3.937 X 10 
; = 601.5 3 
Ohms (mil, foot) 6.015 X 10 6.015 15.28 1 a 6.015 X 10 
Ohms (meter, gram) ¢ 10—55 0.016 2.540 1.662 1 10785 
x 10775 X 107%5 
11 —8 -8 = 9) Ome 
Ohm-meters 10 10 2.540 X 10 1.662 X 10 = 1 


*TIn this table 6 is density in grams per cm.® The following names, corresponding respectively to those at the tops 
of columns, are sometimes used: abohms per cm cube; microhms per cm cube; microhms per inch cube; ohms per mil- 
foot; ohms per meter-gram, The first four columns are headed by units of volume resistivity, the last by a unit of mass 
resistivity. The dimensions of the latter are Q-*L°T 1; not these given in the heading of the table. 

¢ One ohm (meter, gram) = 5710 ohms (mile, pound). 
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Table 26. Electric Conductivity* [M1Q?L-3T7] or [F !1Q?L ?T] 


Multiply 
Number 


of > Mhos Micro- 
Abmbhos Mhos (meter, mbhos 


of per cm (mil, foot) gece) per inch 


Obtain 


Abmhos per cm 3.937 
<a0ne 


Mhos (mil, foot) 6.524 
<< 1ORe 


Mhos (meter, gram) 601.5/5 39.37/65 


Micromhos per em 6.015 0.3937 


Micromhos per inch 15.28 


Mhos per meter 6.015 
See 


* See footnote of Table 25, Electric Resistivity. Names sometimes used are abmho per cm cube, 
mho per mil-foot, etc. Dimensions of mass conductivity are Q?L7 °7. 


Table 27. Capacitance [M—!Q?2L~2T?2] or [F—1Q°2L—}] 
Multiply 


Farads |Microfarads| Statfarads 


Abfarads 


Farads 


Microfarads 


Statfarads 
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Table 28. Inductance [MQ ~°L?] or [FO~°LT?] 


Multiply 
Number 


of —> 


Abhenrys * 
Microhenrys 
Millihenrys 
Stathenrys 


Abhenrys * 


Henrys 


Microhenrys 0.001 106 


Millihenrys 1076 1000 0.001 


1.112 Test2 1.112 1.112 


Stathenrys 
«x 10722 | x 10722 | x 10-28 | x 190715 


* An abhenry is sometimes called a ‘‘centimeter.”” See footnote to Table 30 on ‘Magnetic Flux 
Density.” 


Table 29. Magnetic Flux [MQ™L?T~] or [FO LT] 


Multiply 


=< Number 
of => 
: by Kilolines a es) Webers 
(a) 
Obtain 
+ 


Kilolines 


Maxwells (or lines) 


Webers 


Table 30. Magnetic Flux Density [MQ =477~] or [FO72L"T] 


Multiply 
Number 
of > Gausses 5 Webers Webers Webers 

by (or lines Lines ea per square per square per square 

foie MES RENO NY centimeter inch 
centimeter) 


Gausses (or lines per 
square centimeter) 


Lines per square inch 


Webers per square 
centimeter 


Webers per square inch 


Webers per square meter 
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Table 31. Magnetic Potential and Magnetomotive Force [oT] 


Multiply 
Number 


of > 


Abampere-turns| Ampere-turns Gilberts 


to by 
Obtain =, 
+ 


Abampere-turns 3 7.958 K 10-2 


Ampere-turns 0.7958 


Gilberts 2a 1.257 1 


Multiply 
Number 
of => SS hast Oersteds | 4 

pere- 4 mpere- 
turns per (gilberts turns per 


centimeter per centi- meter 
meter) 


+ 


Abampere-turns per centimeter 


Ampere-turns per centimeter 


Ampere-turns per inch 


Oersteds (gilberts per centimeter) 


Ampere-turns per meter 


Table 33. Specific Heat [L?T—2t—] 
(¢ = temperature) 


To convert specific heat in any unit given to any other unit multiply the number of original units 
by a factor obtained by dividing the factor in the last column for the final’ unit by the factor for the 
original unit. 


Unit of Heat or Energy Unit of Mass |Temperature Scale * Factor 
Gram-cal OFied <<< cie.s.efe1c1s sfotelereieiere's Gram Centigrade 1 
Kilogram-calories.........+seeeee- Kilogram Centigrade i 
British thermal units.............- Pound Centigrade 1.800 
British thermal units.............. Pound Fahrenheit 1.000 
DOUG ieratene setters testers clercteatenenteters Gram Centigrade 4.186 
JOULES celeron Oates hoc oe eee ete Pound Fahrenheit 1055. 
Kilowatt-hourg),.:. «ste o.+.cie sles = eteneters Kilogram Centigrade 1.163 * 10-8 
Kalowatt-hours\, ccs scien cle setter Pound Fahrenheit 2,930 <1 104 


* Temperature conversion formulas: 


t, = temperature in Centigrade degrees 
ty = temperature in Fahrenheit degrees 
YT deg fahr = ASA) deg cent. 

tc = % (tf — 32) 

ty = % te + 32 
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Table 34. Thermal Conductivity [MLT~t—] and Thermal Resistivity [M—L—T%4] 
(t = temperature) 


To convert thermal conductivity, in gram-calories transmitted per second from one face of a cube 
1 cm on edge to the opposite face per degree centigrade temperature difference between these faces, 
to the units given in any line of the following table, multiply by the factor in the last column. 

To convert thermal conductivity in any unit given to any other unit multiply the number of original 
units by a factor obtained by dividing the factor in the last column for the final unit by the factor for 
the original unit. 

To convert thermal resistivity, in degrees centigrade between one face of a cube 1 cm on edge and 
the opposite face per gram-calories transmitted per second between these faces, to the units given in 
any line of the following table, divide by the factor in the last column. 

To convert thermal resistivity in any given unit to any other unit multiply the number of the original 
units by a factor obtained by dividing the factor in the last column for the original unit by the factor 
for the final unit. 

Surface emission resistance in thermal ohms per square centimeter is derived from degrees fahrenheit 
per Btu per hour per square foot by multiplying the number of the latter units by 1761. 


Units of 
Temperature Tactor 
Heat Area Thickness Time Scale 

Gram=CalOress sures, «sores sees em? cm second Centigrade 1 
Kilogram-calories............. m2? cm hour Centigrade 3.6 X 104 
British thermal units.......... ft inch hour Fahrenheit 2903. 
JOULES ER: Hou PE Ae, SU: em? cm second Centigrade 4.186 
VOUS, BA FS eG. ooh ft? inch second Fahrenheit 850.6 
Kilowatt-hours..........0.-.2: m2 cm hour Centigrade 41.86 
Kalowatt-hourswes ceceisite ore stele ae inch hour Fahrenheit 0.8506 


* Thermal resistances in these units are known as thermal ohms. 


Table 35. Light 


Multiply 
Number 


of —> Inter- , 10-cp Bougie English | German 
bp national | Hefners pentanes Carcels | deci- | (,ndles | candles 
’% wh candles males 
Obtain i 
+ 


International candles 


Hefners feat bl 


10-cp pentanes 0.10 


Carcels 
Bougie decimales 
English candles 


German candles 
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18. GAGES 


SHEET METAL GAGES. The important sheet metal gages in use in the United States 
are: the United States Standard Gage for sheet and plate iron and steel, the American 
Wire Gage (also called the Brown and Sharpe W.G.) for copper, aluminum, and brass and 
other non-ferrous alloys, the Tin Plate Gage, the Galvanized Sheet Gage, the American 
Zinc Gage, and the Birmingham Wire (or Stubs’ Iron Wire) Gage. In Canada and Eng- 
land the Birmingham Gage (different from the Birmingham Wire Gage) and the Imperial 
Standard Wire Gage (S.W.G.) are used. Still other gages are used elsewhere. In Japan 
standard thickness of sheet metal is denoted by the thickness in millimeters. A standard i: 
Decimal Gage, in which the standard thicknesses are denoted by decimal parts of an 
inch and not by gage numbers, has been used in the United States. Copper sheets may fo) 
be obtained with thicknesses any integral multiple of 1/15 of an inch up to 2 in. Heavy ~ 
copper sheets may be obtained in definite weights per square foot. Each ounce of weight x 

~ 


oes 


is equivalent to approximately 0.001352 in. thickness. Lead is usually ordered in this 
manner, each pound being equivalent to approximately 0.017 in. thickness. 

The United States Standard Gage for sheet iron and steel (Act of Congress, March 3, Wa) 
1893; formerly the legal standard for duties) is a weight gage based on a density for wrought 
iron of 480 pounds per cubic foot. Since 1893, steel (density of 489.6 lb per cu ft) has NR 
come into general use. A given gage number of this gage represents a fixed weight per a 
unit area; hence a steel sheet will have a smaller thickness than a wrought iron sheet of 
the same gage number. Monel metal sheets are rolled to the thickness given for wrought 
iron without regard to its weight, which is about 552.2 lb per cu ft. Practice among steel {y 
manufacturers is irregular, some keeping the thickness constant for a given gage number 
irrespective of weight. If this practice is followed, the weight per square foot and per G4 
square meter given in the second and third columns of Table 36 will vary, whereas thick- 


ness will remain near that given for wrought iron. we 

The American Wire Gage specifies thicknesses without regard to weight. For the ! 
basis of this gage see Wire Gages, p. 1-70, where are also given the Birmingham W.G 2 
~ 


and the 8.W.G. 
Tables of Thickness and Weight corresponding to United States Standard gage and x 
American Wire gage numbers are shown in Tables 36 and 37. These tables are taken 
from Circular 391 of the Bureau of Standards, in which are given all the gages mentioned 
above and the tolerances customary in commerce. Va) 
WIRE GAGES. The sizes of wires having a diameter less than 1/9 in. are usually stated ao 
in terms of certain arbitrary scales called ‘‘gages.’’ The size or gage number of a solid 
wire refers to the cross-section of the wire perpendicular to its length; the size or gage iS 
number of a stranded wire refers to the total cross-section of the constituent wires, irre- 


spective of the pitch of the spiraling. Larger wires are usually described in terms of their 1 
area expressed in circular mils. i i } 
oe area of any circle in circular mils is equal to the square of its diameter in mils. 3 


ere are a number of wire gages in use, the principal ones being the following: 
American or Brown and Sharpe Wire Gage. This gage is the one commonly used in 
the United States for copper, aluminum, and resistance wires. The gage is designated by 
either of the abbreviations A.W.G. or B. & S. ‘8 
Basis of the A.W.G. or B. & S. Gage. The diameters of wires having successive num- 


: A ; 39 ;— 
bers on this gage are in the ratio of /92( = 1.1229 approx.) to 1, and the No. 36 wire has 
a diameter of 5 mils. No. 35 A.W.G., therefore, has a diameter of 5 X 1.1229 = 5.61 mils, 
and so on until No. 0000 is reached, having a diameter of 460 mils. 


The ratio 92 is approximately equal to V2, which is 1.1225. This circumstance 
makes it possible to have a group of wires of regular gage size with an aggregate area 
approximately equal to that of another regular gage size. For example, a reduction of 
three gage numbers (as from gage No. 36 to No. 33) results in a new gage number repre- 
senting a diameter approximately V/2 times that represented by the original gage num- 
ber—or an area approximately two times as great. 

The following approximate relations are also useful: 


—s 


An. increase of 1 in the number increases the resistance 25 per cent. 
An increase of 2 in the number increases the resistance 60 per cent. 
An increase of 3 in the number increases the resistance 100 per cent. 
An increase of 10 in the number increases the resistance 10 times. 
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Table 36. United States Standard Gage * for Sheet and Plate Iron and Steel, and Its 


Extension + 


—_—— aa SsSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSsSSSSSSSSes 


Approximate thickness 


Weight 
Mile 258 i Steel and 
er square foo : and open- 
Gagetown Poo eee ale aan Be a he hearth iron 
489.6 lb/ft 

Ounces Pounds kg Inch mm Inch mm 

0000000..... 320 20.00 97.65 0.500 12.70 0.490 12.45 
000000...... 300 18.75 91.55 . 469 11.91 - 460 11.67 
OOO0ORA.as. = 280 17250 85.44 438 Alea 429 10.90 
OOOO Rs aac en. 260 16,25 79.34 406 10.32 398 10.12 
WW, oerdoo 05 240 15.00 73.24 37D 9.52 . 368 9.34 
OO ete 220 13.75 67.13 . 344 8.73 POT 8.56 
OR evcce bance 200 12.50 61.03 pole 7.94 . 306 7.78 
Uiete tte otetetats 180 25) 54.93 . 2812 7.14 2757 7.00 
DisenciSyels ays or 170 10.62 51.88 . 2656 6.75 . 2694 6.62 
Ki Aon odo nee 160 10.00 48.82 . 2500 6,35 . 2451 6.23 
CS 6 cniiamonn 150 9.375 45.77 . 2344 5.95 . 2298 5.84 
Set afens 140 8.750 42.72 2188 5.56 2145 5.45 
Ge Ae cc. 130 SZ: 39.67 . 2031 DELO . 1991 5.06 
Finayds Ses 6 120 7.500 36.62 . 1875 4.76 . 1838 4.67 
Cixaton eee pram 110 6.875 33,57 1719 4,37 . 1685 4.28 
ID rraf oneta aie ais 100 6.250 Bono . 1562 3.97 . 1532 3.89 
LO Naa ds chee. 90 5.625 27.46 . 1406 3257, . 1379 3.50 
Wetec cue ree 80 5.000 24.41 . 1250 3.18 1225 3 bh 
WD aysters ote 3 70 4.375 21.36 . 1094 2.778 . 1072 2.724 
SRA ass oe 60 3.750 18.31 0938 2.381 0919 24335 
VAT oats se scl 50 3225 15,26 .0781 1.984 .0766 1.946 
Se adacdee & 45 2.812 IB R73: .0703 1.786 0689 W751 
LOPS eee 40 2.500 22h 0625 1.588 0613 1.557 
WiZes, edd eiavdceve 36 2.250 10.99 .0562 1.429 .0551 1.400 
[patna noe Re 32 2.000 9.765 .0500 1.270 . 0490 1,245 
1 aes 28 1.750 8.544 . 0438 es Th . 0429 1.090 
20 Beazer 24 1.500 7.324 0375 952 . 0368 934 
Peto ceed 22 tes7) 6.713 0344 . 873 . 0337 856 
D Dix raekays icushsys 20 1.250 6.103 BOS 2 .794 . 0306 .778 
DS score eave exsis0 18 1.125 5.493 .0281 .714 . 0276 .700 
tL OC OI 16 1.000 4.882 .0250 635 .0245 623 
DDE ANS Biousiicte.e 14 8750 4.272 .0219 556 0214 545 
DO ce eis. sie exe 12 . 7500 3.662 0188 476 0184 467 
OH 03 SR ACIOI 11 . 6875 3.357 .0172 .437 . 0169 . 428 
PIE O00 NOD 10 6250 3.052 0156 397 .0153 . 389 
rte eoOocrae 9 .5625 2.746 .0141 SaY/ . 0138 .350 
SOE Be Nestes a3 8 . 5000 2.441 -0125 .318 .0123 soli 
Bh arc Un OCLOnee 7 . 4375 2.136 .0109 . 278 0107 .272 
BlaiNetretertots 61/2 - 4062 1,983 .0102 . 258 .0100 .253 
SS sete ts svete. 6 . 3750 1, 831 . 0094 . 238 . 0092 . 233 
SASSER a aisiers 5 1/2 - 3438 1,678 . 0086 .218 . 0084 .214 
Boks roto 5 .3125 1.526 . 0078 . 198 .0077 .195 
“Ouenooouwog 41/2 - 2812 1,373 . 0070 179 0069 175 
BT vets rcvajcee, sss 41/4 . 2656 1.297 . 0066 . 169 0065 . 165 
BS Me ste storerense 4 . 2500 1.221 . 0062 159 . 0061 . 156 
BD ieatores avelelcks 3 3/4 . 2344 1.144 -0059 . 149 0057 . 146 
AO eraveteieickeieyere 3 1/2 . 2188 1,068 0055 . 139 0054 . 136 
Altecterssorescnete 3 3/g .2109 1.030 . 0053 . 134 0052 131 
ADR isrsleye eres 31/4 . 2031 9917 . 0051 .129 . 0050 . 126 
43 erentuevarevers 3 1/8 . 1953 . 9536 .0049 .124 0048 .122 
CLIO OE ECO 3 . 1875 29155 . 0047 19 0046 o lies 


* For the Galvanized Sheet Gage, add 2.5 ounces to the weight per square foot as given in the 
table. Gage numbers below 8 and above 34 are not used in the Galvanized Sheet Gage. 
+ Gage numbers greater than 38 were not in the standard as set up by law, but are in general use. 
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Table 37. American Wire Gage—Weights of Copper, Aluminum, and Brass Sheets and 


Plates 
Thickness Approximate weight * per sq ft in lb 
Gage No. . Commercial 
Inch mm Copper Aluminum (high) brass 

OOOO servers eievceretarete 0. 4600 11.68 2127 6.49 20.27 
Q00. eHow. b sean. - 4096 10.40 18.94 5.78 18.05 
OO See eter cere . 3648 9.266 16. 87 5.14 16.07 

Oreos ioe peers .3249 8.252 15.03 4.58 14,32 

eirtKcactacorndh ontiKd . 2893 7.348 13,38 4.08 Za75 

De Riis Mlarvsipieve etptete 2576 6.544 11.91 3.632 11.35 
Bent eein Pails 2294 5.827 10.61 3.234 10.11 

A overs ols oetete o.sieus.pes 2043 5.189 9.45 2.880 9.00 

Sint prd yea sepa cies our . 1819 4.621 8.41 2.565 8.01 
Ores ote snittien . 1620 4.115 7.49 2.284 7.14 

Titers Selcciereweteleie . 1443 3.665 6.67 2.034 6. 36 

abo GOR OEE katy mee aa . 1285 3.264 5.94 1.812 5.66 

Oe epeieleseisvests.elare pars 1144 2.906 5.29 1.613 5.04 
VOT Aeriercte role terete 1019 2.588 4.713 1.437 4.490 
URE tor Cerne ac 0907 2305 4.195 1,279 3.996 
UP yar ict ERA olan . 0808 2.053 Sey (EYE 1.139 3.560 
US 2 riecdte aasis 3 .0720 1.828 3,330 1.015 3.172 
NA ferrarstoretcvevs:cuevereiete . 0641 1,628 2.965 0.904 2.824 
W548 ac. Saxe cen ks .0571 1,450 2.641 . 805 2.516 
16 Ree Rated oe Sie: 0508 eZ 2.349 .716 2.238 
UE conor Orr tcE hatin 0453 1.150 2.095 639 1.996 
18e ore svi ose pinees . 0403 1,024 1, 864 -568 1.776 
WO riers aisysverereletite . 0359 0.9116 1,660 - 506 1,582 
OA Ve re RSE eae aCe 0320 8118 1, 480 451 1.410 
BLO Bese. coke tes 0285 7230 1.318 402 1.256 
DLO ase dieateeets 0253 6438 1.170 3567 Ue lie) 
7 BY aD OOO AS 0226 5733 1.045 - 3186 0.996 
D4 SIE ds ees OREE 0201 5106 0.930 . 2834 . 886 
PAD, ks ROR OE Tee Os .0179 4547 . 828 2524 . 789 
26 Artes ecie asics ekes 0159 4049 41/88) . 2242 .701 
DY I ici ORO OF 0142 . 3606 657 . 2002 626 
LO rreterereceteve eles eres .0126 3211 . 583 . 1776 Boye) 
DIM eccielevs Sele poles 0113 . 2859 B25 . 1593 498 
Eli a5 oie Bet rorte .0100 2546 - 4625 . 1410 - 4406 
Mitce SaeOoeror rice . 00893 . 2268 . 4130 1259 - 3935 
EYE o.5 OOOO LY Fico .00795 .2019 . 3677 Sz . 3503 
33 Mids svete Ge siae . 00708 . 1798 .3274 0998 23119 
S4 Patch ne.« . 00630 . 1601 .2914 0888 2776 
SS Seige vac te MES + .00561 . 1426 ~2595 .0791 . 2472 
36 Bolas icivie oe sieleyenies . 00500 . 1270 <2 0705 . 2203 
OT Saas lake! 3 arets REED » 00445 . 1131 . 2058 . 0627 . 1961 
ELE SO OO TE Oe . 00397 . 1007 . 1836 . 0560 . 1749 
39 Picts crsieis deere ahere . 00353 . 0897 . 1633 0498 21555 
40 20K 5 bos acohaaes . 00314 0799 | . 1452 . 0443 . 1383 
ae NE FE EP EES 


* Assumed specific gravities or densities in grams per cubic centimeter; copper, 8.89; aluminum, 
2.71; brass, 8.47, 
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A No. 10 A.W.G. copper wire has the following approximate characteristics: 


Ohinisepera! OOULicmerirn weet et es 1 
Circularsmilstareant ..a4t).> a-aererosh 10,000 
Weight, pounds per 1000 ft......... 32 

, A No. 10 A.W.G. aluminum wire has the following approximate characteristics: 
Ohmssoer 1O0OMGh semis eet aoe ck. 1.6 
Circular mils area.) on... «los occ ne 10,000 
Weight, pounds per 1000 ft......... 9.5 


Remembering these rules it is easy to find the approximate size, resistance, area, or 
weight of any size wire. For example, a No. 12 A.W.G. copper wire has a resistance of 
1 plus 60 per cent = 1.6 ohms per 1000 ft approximately. Its area, being inversely as 


its resistance, is 10,000/1.6 = 6250 circular mils; its diameter is therefore \/6250 = 79 
mils, and its weight 32/1.6 = 20 lb per 1000 ft. 

U.S. Steel Wire Gage. This gage, known also as the ‘‘Washburn and Moen,” ‘‘Roeb- 
ling,’”’ ‘American Steel and Wire Co.’s gage,’’ is the one usually employed in the United 
States for steel and iron wire. It is frequently abbreviated ‘‘S.W.G.,”’ but to avoid con- 
fusion with the British Standard Wire Gage (see below) it should be abbreviated “‘Stl. 
W.G.” or “‘A. (steel) W.G.” 

Birmingham (or Stubs’ Iron) Wire Gage. This gage is still used in the United States 
for some purposes, e.g., to designate the size of brass wire, and is also employed to a 
limited extent in Great Britain. It is usually abbreviated ““B.W.G.”’ It is sometimes 
referred to as the ‘‘Stubs’ Iron Wire Gage,’’ but it should not be confused with the Stubs’ 
Steel Wire Gage. 

British Standard Wire Gage. This gage, usually called simply the ‘‘Standard Wire 
Gage” and abbreviated ‘‘S.W.G.,”’ is also known as the ‘“‘New British Standard” (ab- 
breviated ‘‘N.B.S.’’), the English Legal Standard, or the Imperial Wire Gage, and is the 
legal standard of Great Britain for all wires, as fixed by order in Council, August 23, 1883. 
It was constructed by modifying the Birmingham Wire Gage, so that the differences be- 
tween successive diameters were the same for short ranges, i.e., so that a graph representing 
the diameters consists of a series of a few straight lines. 

Edison Wire Gage. The size of a wire on this gage is equal to its cross-sectional area 
in circular mils divided by 1000. For example, a solid wire 0.2 in. in diameter has the 
number (200)2/1000 = 40. This gage is now rarely used. 

Metric Wire Gage. The gage number is ten times the diameter in millimeters. 

Other Gages. In addition wire sizes are sometimes specified in terms of the ‘‘Old 
English Wire Gage,’’ known also as the “‘London Gage,” and the ‘Stubs’ Steel Wire 
Gage.’”’ The Old English Wire Gage is the same as B.W.G. for all gage numbers under 20. 

Comparison of Wire Gages. A comparison of the different gages, in terms of the diam- 
eters (in mils or thousandths of an inch) of solid wires corresponding to the various num- 
bers, is given in Table 38. The cross-section in circular mils is the square of the diameter 
in mils. 
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Table 38. Comparison of Wire Gage Diameters in Mils 
(Bureau of Standards, Circulars 31 and 67) 


American Birming- Old Stubs’ (British) 
Gage wire Steel ham wire | English steel Standard | Metric Gage 
No. gage WPA gage wire gage wire wire gage * No. 
(B. & 8.) gage (Stubs’) |(London) gage gage 
=O aliscertereserere AD Oi Olan |letecereteveavevel| ekecaraietete ciel] ecevecerenerenane DOO | Sieve austere tei 7-0 
CANE Tleoperacece BOS Em sty Arocess rere his tclcvonetotsl| aitincrayererete AG APRA eos ciecctarer ess 6-0 
S— Ol) ol /cvatolemievarens 430.5 aay rete (er aceteral  leabeveveletteye\ ol] lteter ohetemetene AS DIE ieee occ os 5-0 
4-0 460 393.8 454 ASA) hii orecaric OOM Filtak se cui steuese 40 
3-0 410 362.5 425 ALS walt: teicettereets EY 7 neem Ps oricioos 3-0 
2-0 365 331.0 380 380 6 ed tig) dol Patnrrcrete aries 2-0 
0 325 306.5 340 BAO | Ol eacsten ces 324° Willies scorer 0 
| 289 283.0 300 300 227 300 3.94 1 
2 258 262.5 284 284 219 276 7.87 2 
B 229 243.7 259 259 7)|7 252 11.8 3 
4 204 22503 238 238 207 232 15.7 4 
a) 182 207.0 220 220 204 212 19.7 5 
6 162 192.0 203 203 201 192 23.6 6 
7 144 177.0 180 180 199 176 27.6 7 
8 128 162.0 165 165 197 160 Si 8 
9 114 148.3 148 148 194 144 35.4 9 
10 102 135.0 134 134 191 128 39.4 10 
il 91 120.5 120 120 188 WG de Palissvtesscervcse 11 
12 81 105.5 109 109 185 104 47.2 12 
13 72 91.5 95 95 182 92 ied cnet hace 13 
14 64 80.0 83 83 180 80 et | 14 
15 57 72.0 72) 72 178 D2 gt \ ses: spercte ee 15 
16 51 62.5 65 65 175 64 63.0 16 
17 45 54.0 58 58 172 DO™ TR te crete 17 
18 40 47.5 49 49 168 48 70.9 18 
19 36 41.0 42 40 164 SOPCMM Rat recurs 19 
20 32 34.8 35 35 161 36 78.7 20 
21 PRs) Hst/ 32 S05 157 EY allel atte Bice 21 
22 25'.3 28.6 28 29.5 155 28) OO ER. Se 22 
23 22.6 25.8 25 27.0 153 2Ay PURE Bt 23 
24 20.1 23.0 22 25.0 151 Zl: NONE Ae 24 
25 17.9 20.4 20 23.0 148 20 98.4 25 
26 15.9 18.1 18 20.5 146 BSish Merde Sree 26 
PX/ 14.2 17.3 16 18.75 143 1.6 54a elke ce 27 
28 12.6 16.2 14 16.50 139 1484. Sacre 28 
29 11.3 15.0 13 15.50 134 UB Giihaatetarers ates 29 
30 10.0 14.0 12 13.75 127 12.4 118 30 
31 8.9 2324 10 12.25 120 UU SG es c.ctete as 31 
32 8.0 12.8 9 11.25 115 TOSS, c8 esters 32 
33 Zhi] 11.8 8 10.25 112 NON OP ere eerie 33 
34 6.3 10.4 7 9.50 110 DD eretoe ctierers 34 
35 5.6 9.5 5 9.00 108 8.4 138 35 
36 5.0 9.0 4 7.50 106 TOW Nees 'e ste shee 36 
37 4.5 BO elec ahereterets 6.50 103 OS MR bre cers sy! 
38 4.0 BO) | scorers ctereers 5.75 101 Or ON Wee cece cies 38 
39 Bre Dodie 2 || susceracvreeetars 5.00 99 Six Duc illtovenereveverete 39 
40 3y1 TMU Mere reecn tear 4.50 97 4.8 157 40 
AN ae | eects as (ill Eph atercg Mancanddc 95 WEAN Nore lcretererere 41 
42) scars aPotaiscers OZone otetotalotetel|istesestereiereas 92 CN enteric 42 
fete eel (PaerpeacncereR GiDin)|crarevtratelole el|tenevereretenters 88 BO | at erect 43 
Lim. ileaeaqorcc 58. || 'cyarstsre iausyetall orate tereere 85 Dil erence 44 
BS P| .erorarerotses IRD Im ail'cve store tsie/s-cilleceter svete oysye 81 2.8 177 45 
BGT Will. Settee by bertcsonas tito counae 79 ZEA Necstexeseval eters 46 
BTigee i\ecisysve eerste DOM | (are creterecerecalliere(acstarenetors 77 BO Nerevedereneteres 47 
485 cee esiere 4.8 staverchersnenall (svakersvore ete te 75 EC Bosco 48 
AON Wieeieieveleictote AG)CPi| lore, atarcanted sell sreterercosisrtic 72 Und arrancones 49 
D0! « levees CO ded APD ono odoeaortes 69 1.0 197 50 


* For diameters corresponding to metric gage numbers, 1.2, 1.4, 1.6, 1.8, 2.5, 3.5, and 4.5, divide 
those of 12, 14, etc., by ten. 
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SYMBOLS AND ABBREVIATIONS 


19. ABBREVIATIONS FOR ENGINEERING TERMS 


Nore: This list is a selection of American Tentative Standard abbreviations, for scientific and 


engineering terms, recommended by the American Standards Association. 


AT SOLUGE Meagafeb cy cay rons seis, sie) ios cea vole core eonung! abs 
GLC AnteneStst scars cs ielssa ius enouesue er Pe + oka spell out 
Alternating-current (as adjective).......... ac 
WA TIN DOL Oe ete ovens Aporela sito deccarove Gea a cusarepeeuey eke amp 
‘(AmpereshoOurae cisve; oer es 6.5.61 ashes spentsertan amp-hr 
PAN PSCNOUMSUNIG. SPT jciegs sousecusun eles enol wiscoke A 
ZA LIMOS PN.OTC jae als: areVajenaueravelasfereualals «010s asaya ay atm 
Attomicsweight:. creiewe ns ¢ vic.sc emiea devel at. wt. 
IAVOTA LOI ei ovetele: eetens fete wines 400 4 wi Siw Sete avg 
BAS OLE UPD OMB eeetete ler retells talerers Se 1s alte wee verele Olde avdp 
IB arom. eto eusmsmrsre:tevarcicieysxers chate: ocaetelessl tered she bar 
Barrel csiscecs sisters. Rosa raccusrrrntskavss ctenersnayenetetec ers bbl 
BS GAIN G errasayaliecorie lencichsun a ieusvony:'eve (ess c'wieyeuss Hehehe eons Bé 
OUT, DTESSULE eyereroievexeloxexsnen peut oVeverevenseoss spell out 
FOUN g up OU bic ey sgopeios oneucl even elec oheyevorousy al oN Ora bp 
Brakevhorsepow elictereyereisscsatarsieiel occ sieis) ates o20 bhp 
Brake horsepower-hour.........+++.+++ bhp-hr 
Brinell hardness number...............-. Bhn 
British thermal unit.......... Btu or B 
Calorie meyer eietsrebersien otee anleladal sans jotrete ia asteravatens cal 
Gand lemme cierto ite ies sive wernt advo wate cee c 
Cand lo-hortreeiectoroateteveles 6 rors 31.0) suelsiieiors ete feye) 6 c-hr 
Candlono were nae cio woechersncsue.e.ois nase peusyalete ep 
Wen TST AME ee. Reet ee hantcbePehatelsbavchesels: sntiavere cg 
Gentiliterteren tis. sictelas crores siete tee hee a eed el 
Wem Fim Gter the cic-ehereteetetercss sieeve swiereioiasisielsiee) se cm 
Centimeter-gram-second (system).......... egs 
@hemicallyspure-tacuphas oe cites sills hake sues sveucs ep 
(COMPETE sc. .5 co. te ele te aoe ee aaa cir 
@incularamaleyyr-henercctetestee sie ph ckaveushsvsxcieks cir mils 
Woeicienits ene staretscte pene, ce veusdege ra Nscausieelece ous coef 
Woloparithnaniycicste an teicleresasze ciere oe! «riche lee colog 
Concentrate vee ciate server cele craic cove .ersse cone 
Gonductivityscictiechelackelaetscesors' ss ieels.s 312 cond 
GCOrnstanitrgen eine rctte cto siete e ohel sietsisceteroves const 
Cords Soe ae Tae eS os SMa ahd a ed 
Cosecantvarys i tonree einer a tovslo Wale o etaleidors ‘afore esc 
(Bf Gee ho GOD ACI OD OCC ee Cee cos 
Cotariger arereteNerctoleceis clorheter stats: «AeKer see, 010 '<1% cot 
Coulomb ecb ae a oie tt at crew sisiers se isie spell out 
Counter electromotive force............. cemf 
CGUDIC tetas ein een olor clareratele «aici eles Serie cu 
C@ubie:centimeter. 32.2.2. se. oe cu cm, cm”, cc 
Gubieteet per minutes fo seele ee cc eee efm 
CORD ESCO ROL0 Sy arn curiam ora AG CACHE CSOD EROS ICRC EOCREROROI cu ft 
(GAS Osi AHO ROmRaCis DOne tee ear cu in. 
Gubiemncters. code eee tans cu m or m? 
Cuabtohyard'i cass es cet chem he aie kelelataelid.e cu yd 
Cycles per second............... spell out or c 
WDSCHIOLater hy clears (oForsvenchaves: oleiene chaser eles tadiolekensge db 
Derreescertrerrvaccnss 0: PRTG AE OE BG deg or ° 
Degree Contierade Mr hetot Matued dita: ciajeiasariets ee euens Cc 
Degree Pahrenheit . © ysis cis osie6is.00 0 cise ices F 
Degree Kelvin c1.tesersseseisicis. ois asic oie\suniey oe #16 o AK 
Degree Réaumur..... maar ehetduohdietaceWs\epsiel.o seis’ s:s R 
MD IAMOROD ete sre idole stokes, woleiienets miatepae Sescepsie’'s diam 
Direct-current (ce ACL IOULIVC) rexciecaistalsitistelsistele d-c 
TO ZEM e ret aravovaiaye) evans Telte ohana a wieue Fis egaeseudyaei0 doz 
PII orn de nove rover orvtev ence sk byetelavetor diate ions arahikerezuretsts dr 
IDL Aocara Gon, cme DELCO Oo Oe OOOO MOOG eff 
iL eCtrid ataccsva trovctatra teste ronereoretscyarttrersvateraverays elec 


HP lSctromoty.e LOrCG ascites tel erlelate ales eel emf 


(See ASA, Z10.1—1941.) 


OOTY AS hats ay Gata ricco REET EMO Brey RCO eq 
External eaves debate cllate «cis cise ofae wvestera sieve. ext 
Ravadian tere eee citalerccie eae oee spell out or f 
HOOUM Tee ee Se corey eee one keen eerie ft 
Root-candlest sere ae ce oat sebetiiae anes ft-c 
HootsUambertet secs tore energie cosas ft-L 
LOO Te pPOUN every tebevoresatersyexeyoyeiskexalexeiForeyshstevers ft-lb 
Foot-pound-second (system)..............- fps 
OTEOZIM EP OU bl wore she oneber reves arenas ae cree oS fp 
IEAESLOMY DOU GAs caherersnatohetene rotors ate nsro4s, or REIT ONE fnp 
Grallon staetexeper oe Weoneseve 6: cisrein.avnons ickeehs tetera gal 
Grain jeer cree terstehes ois cries, toe scone aah spell out 
Grame cu wenye evareirsnciiner ones nite cneeaen aT g 
Gram-calorievacm ye salciareciest oe e cee g-cal 
18 iba Ayer ers DOS Oe Ae OTe AOR IS h 
ELOT SOO WO iotenc co fan roeols torcdoncyelereusderonetorekod NG hp 
Horsepower-hours. 5 sec em ectenul eerie me hp-hr 
ROUT ecco oe telete ars cw o.v 0 Ene eee aa tee hr 
Bhundred 05. irene s octor ete ee a oe ee Cc 
Hy perbolic)-sine nana ees cso erate nies sinh 
Ely perbolicceosine sa .clac es cil tetieniers sie ae cosh 
Hyperbolic: tangenti.trcnce cle cle e's ee aiercre nn tanh 
Inchis, 325 4e-h ein «Cotas as Sev artes in 

Tnche pound srevescescussse siessversie concise ehe eee in-lb 
Enivern al’ + serettstoktys: so. o4sisiersyaiens 0 aveasieie ge ane int 
ROROES oSitomito co co Ob ld SIRI E ICR IOEG Ciara j 
Kaloeyelesiperisecond:, i. hy- yas «icles ents > 2 steve ke 
GIO SPAIN Meee eich series is chavcrelns cramer kg 
Kalogram=calorie dss; c:cysseisheusse «tens seers 4 kg-cal 
Kilogram=Meter sccs,sc5 5,04 osersteuers ove lscis esa kg-m 
Kiloliters ccna ca tet acte so apeciuun ee aa cha tras kl 
NCUOMEGEr a ce selee sein yea cis te ee wae ele km 
OVO cron ote st ncteee taste a etaeta es Bite Seer ky 
Kiloviolt-ampere wr-t.c: ce clonsieeretarctaveters siete ene kva 
TKilowattscon rset tte oer patanes ceeh hacking: elles kw 
FLO WA tthour versed etersveie) Yolo eystete e¥eterovele oes kwhr 
Bie bert vstcc-crsst erate hie ee nioeecle ate etn ne L 
Weatitude ten. crore ate tnerhe easter flo lat or ¢ 
Wirteari foot Nae cremtehraeoekttorctcreta. « wlcle-steasis Ls lin ft 
Liter. 0 oon. sdodetes seste eae tgats jae dachven 1 
DSAQUUG frecocesofssexones cies cisiskeleiionushs, alaels erento liq 
ogaribhm) (Common) |e ce sare sete laisse cee log 
Logarithm (naturale caisuss/ ein cerice loge or In 
Toon gtd Cava are veto cerseiateean cocks long. or X 
MEAS OD eee votes ssrovysyonetecaiuonsjchcl asin csesteseutnore Leta 1 
PUNO = DO UL ae, exeroyeroynres arate) «; sekelene,vuayave nec ere l-hr 
Magnetomotive force.........+e+e+e+e+s mmf 
IU IES obec Stee Wey came MORO RRO Oise eEO LOR NC max 
MeL tin ea pOm bios oc esetavore.e aia.scouehereteracsotererals « mp 
Meter ie ciitettetays s.c-cetatetieaec cts eee tieres cere m 
Meterskalogramlsererncs.c street setdieertiete cic, « m-kg 
ILO aie ovagy char ete evan otavctalens poteictataneie ene ete spell out 
Mierodimpereac as siecle eels sa ered eke wa or mua 
IMETCrOLarAdMariee cette atelier ciel elt eae tales slersis pf 
IMicromicronteereee sects. ae uu or mu mu 
INAROTOINE Co hots eet te ale Be SSO EE por mu 
WVETCLOW SUG sca oiekonsiiotsrers ace ererer tree tre uw Or mu Ww 
IVETE nner ocr ie sv eev ey «apa Jaca stearate atone spell out 
VIS Vi earra yy ONO cies) « eve manieliosteieoteuaktaaesbitye) als (exsutuete ma 
VU RUE ere 150 reyaperaravny syeneretavenenel ev sverevavetsliaveravereersveretle mg 
IVEGIIRHGMN Ya eset states etee eects elec iciele cle erect mh 
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Mialliliter sc.0.00ac0 ote oe te ee Soe nee en ml 
NEM eC Cerecicjeec soiele Se storey hima e SEEN mm 
IMIS TCT ON Nezes occ sc sions 0) stepsiene.«: sien mp orm mu 
Million cic. Rrrsteret pichs:s Sot Pe ates aves spell out 
METH i y.Ol G2 cet teueye lotro 8 aevene +6) cae ionclerevercuek mv 
Mean horizontal candlepower..........- mhep 
WitlesspernHOUrerios cet te: srercte ce sictelsiniscece.crs mph 
Where see tvere Freie ara ccemiersiacatsie’s crete ew ate min 
YET eat itor Ges GEN ee OL CIBEICRIO CHOP min 
Minute (angular measure).............0000- if 
OT rare ested ie telrat sts) skier) over elevator overevare spell out or Q 
OUNCE at iy eroteteleys 01s iss: vinhsisloreheo ceri on terse ake OZ 
Ohmee=LOOter mera: sree teem eitiors sive ctrnsl coerce oz-ft 
UN CE=INEN ss ae he 's.0: os)s:8 se) erevaie sis syecalonsteione oz-in. 
PANNE pore co on sncgs dese oien sco bonsiel sisteusxslousjeolens ES pt 
PPOCEN CIAL <b icyessio ce. n cue ed Satara onS chagrin Sle spell out 
Ta ee OSSD OnEe Cen OL AsO UG CCO0 4 Ib 
122 Shas Stoo) eg Are oO OU OOO OG fo. os lb-ft 
TROT G LS HG ecg macs p.locior MAIO OO Og Ib-in. 
Pounds per square foot................... psf 
Pounds per square 1nCh.....6-(o«5e seve psi 
IPGwer fACuorscea store cisic ale eter terol spell out or pf 
Qart seve eicte-c iste) svoselevarsieteictevoleresetsteaisVerenere seer. at 
RAGA Ay lee wicieie aries isis iateisus ose ote Ee spell out 
Reactive kilovolt-ampere..............-. kvar 
Reactive volt-ampere............0++e2005 var 
Revolutions perminuite:.. o..c0 eco ss 0 cet rpm 
Revolutions per second. ...........052502. rps 
eot: Mean SQuATe. ..a5 occa NOU eee rms 


Secants: . So fect. eae ee ole ois 0 oune sre ceceiclens sec 
SGCOnGiis ccs sashes cua tec ae one stele sec 
Second’ (angular measure) 2. cies scans) sis «) sleteiote ip 
Sine. Gxctbetaloto wc: aa, Hoehdeh Aa see oe WarAiee nce ore.ere sin 
Specific gravity... cae coctiene Maer torsb teleost sp gr 
Specific! Weave <a.cssceisy Este, crcleweseelapca tena ens sp ht 
Spherical’¢andlepower. cor. c+. ce ce eae eee scp 
SQUAT’. Peis pace cre cnststetecoterarereRchateta: stan cetreraierars sq 
Square centimeter............... sq em or em? 
Squareviootts Cathet or ee eee reer sq ft 
Rquaremnches F235 Fee od oaelecoie eis sq in. 
Square kilometer. =. eet eee sq km or km? 
Sqduaretmietentis tien ol tattle sq m or m? 
Square microns. 0224252. 462 sq “ or sq mu or yp? 
Square root of mean square............... rms 
Standard #52 ie es Se ie ee ce ee std 
EONGENG: .o:s 5 9:3 ost alerelesio sce sieels pate Gee tan 
Memperature. sins dees view e sce eshieiee temp 
ThousanG).>. «.<:c.0c046 2F's0.0 9 svslave pistereisinalays Ones M 
f Vs) a oan coc cicns cacacictn clin ede spell out 
Mersed.:sineses ov kisiesates.01s cvs: eestor vers 
MOLT HGR, cs onc socersio.senaiyaisicove novsneus voncnn ooh ote MOE Vv 
WiOlt=A IP CLG ak ches of orn ct oxntoxexcecverovenecencton teeters va 
WAU te plete ie acensra tale scl os ahaa omantalathac ae es Ww 
Watthourkt, ..c:05 Jak «sobre oceatesci te whr 
W Gig ht eyerettess iaie.c,s, abate > «0, cts ef arco eyo Mae wt 
Mar 55s odie vaiw wis cays 0. ere) e:m cvarvereras ey sap areteme yd 
MALT. Cop owinavsicieooo.0e co soe eee eaten yr 


20. LETTER SYMBOLS FOR THE MAGNITUDES OF 
ELECTRICAL QUANTITIES 
(Tentative American Standard Z10.5-1947) + 
In the alphabetical order of the names of the quantities 


Each quantity appears at only one place in this table (with a few exceptions), listed 


alphabetically under its preferred name. 
under the preferred names. 
are asterisked thus: (electric force)*. 


The non-preferred names appear in parentheses 
Deprecated names are also in parentheses and in addition 


Names beginning with the qualifying adjectives, electric, electrostatic, dielectric, magnetic, 
mutual, self, and relative, are listed under the term that is so qualified. 
Symbols for scalar quantities, whose values are expressed by real numbers, are printed 


in ordinary-face ztaltc letters. 


Symbols for vector quantities are printed in bold-face Roman letters. 
Symbols for phasor quantities, whose values are expressed by complex numbers, are 


printed in bold-face italic letters. 


Item Quantity Symbol | Item Quantity Symbol 
1 | admittance Y 7 line d. of charge r 
2 | attenuation constant a 8 surface d. of charge o 
3 | capacitance Cc 9 volume d. of charge p 

(capacity) * 10 | conductance G 

(permittance) * 11 | conductivity y 
4 | capacitivity € 12 | conductivity, A 

dielectric constant equivalent 

(permittivity) * 13 | coupling coefficient k 

of evacuated space €& 14 | current I 
5 | capacitivity, relative €r (intensity of current) * 

relative dielectric constant 15 | current density 

(specific inductive capacity) 16 sheet c.d. (linear c.d.) A 
6 | charge, electric or quantity of Q 17. | damping constant or coefficient 6 

electricity (decay constant) 
charge density 


* Deprecated name. 


t Reprinted by permission of the American Institute of Electrical Engineers. 


22 


23 
24 


25 
26 
27 
28 
29 
30 
31 
32 
33 
34 


35 


36 


37 
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Letter Symbols for the Magnitudes of Electrical Quantities—Continued 
A a a do ae Se 


Quantity 


dielectric constant 

see capacitivity 
dielectric, a qualifier 

see term that it qualifies 
displacement, electric 


efficiency 
elastance 
mutuale. Sm, Sre 
selfe. S, See 
elastivity 


electric, a qualifier 
see term that it qualifies 
electronic charge 
(absolute value of) 
electromotive force 
(electromotance) 
(potential difference, electric) 
(voltage) * 
energy 
force 
flux, displacement f. 
(flux of e. displacement) 
flux, magnetic 
(flux of magnetic induction) 
flux-linkage 
frequency 
frequency, angular 
angular velocity 
frequency, rotational 


impedance 
mutuali. Zm, Zre 
self i. Z, Zee 


induction, magnetic 
(magnetic flux density) 
inductance 
mutuali. Lm, Lre 
self. ZL, Dee 
intensity, electric 
(electric field intensity) 
(electric field strength) 
(electric force) * 
(electric field) * 
intensity, magnetic or magnetiz- 
ing force 
(magnetic field strength) 
(magnetic force) * 
magnetic, a qualifier 
see term that it qualifies 
magnetomotive force 
(m. potential difference) 
magnetomotance 
moment, electric 
moment, magnetic _ 
number of conductors or turns 
number of poles 
number of phases 
period 
permeance 
permeability, magnetic 
of evacuated space 
permeability, relative 
(permittivity) * (see capacitivity) 
phase angle 


Symbol | Item Quantity 
€ 50 | phase constant 
wavelength constant 
(wave number) 
51 | polarization, electric 
D 52 | polarization, magnetic 
n intrinsic induction 
S metallic induction 
53 | pole strength 
54 | potential, electric 
o (electromagnetic scalar p.) 
55 | potential, retarded scalar 
56 | potential, magnetic 
e (magnetic scalar p.) 
m. pot. difference 
E 57 | potential, magnetic vector p. 
58 | potential, retarded vector p. 
59 | power, active 
60 | power, reactive 
Ww volt-amperes, reactive 
F 61 | power, apparent 
Vv volt-amperes 
62 | power factor 
& 63 | propagation constant 
64 | Poynting vector 
65 | quantity of electricity 
f charge, electric 
3) 66 | quality factor of a reactor 
figure of merit of a reactor 
n 67 | reactance 
Z capacitative r. 
inductive r. 
mutual r. Xm, Xre 
B self r. X, Xee 
68 | reactive factor 
L 69 | reluctance 
70 | reluctivity 
71 | resistance 
E,K mutual r. Rm, Rre 
selfr. R, Rec 
72 | resistivity 
73 | resistance-temperature coefficient 
rotative operators 
H 74 90°, /—1 
75 120°, W/1 
self, a qualifier 
see term that it qualifies 
76 | slip 
77 | susceptance 
M,S susceptibility 
78 dielectric s. 
intrinsic capacitivity 
Pp 79 magnetic s. 
m intrinsic permeability 
N 80 | symmetrical components (Note 5) 
Dp 81 | temperature 
m 
82 | time 
OP, A 83 | time constant 
(. 84 | velocity of light 
Hy 85 | vibration constant 
Mr (oscillation constant) 
86 | wavelength 
Ce 87 | wavelength constant 
phase constant 
88 | work 


Symbol 


8 
Bi 
™m 

V 


M, 


> 


». 


by 


t, (@) 
T, (@) 


ZY wr worse 


Se 
* Deprecated name. 
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Note 1. Designation of maximum, instantaneous, rms, and average values. 

Where distinctions between maximum, instantaneous, root-mean-square (effective), and 
average values are necessary, Em, Im, Qm, and Pm are recommended for maximum values; 
e, 1, g, and p for instantaneous values, #, I, and Q for root-mean-square values and Ea, Ia, 
Qa, and P for average values. 


Note 2. Quantities per unit volume, area, or length. 

It is recommended that quantities per unit volume, area, length, etc., be represented as 
far as practicable by lower-case letters corresponding to the cap letters which represent the 
total quantities, or by the cap letters with the subscript 1, except for those quantities for 
which this table has symbols for the quantity per unit volume, area, etc. 


Note 3. Distinction between the symbols V and # for potential and electromotive force. 


The distinction between the use of V for potential and # for electromotive force is: 

V is to be used for potentials or potential differences that are attributed solely to that 
distribution of electric field intensities which is computed (by the inverse square law of 
force) from the segregated charges of the field. 

E is to be used for the emf along a path from a terminal A to a terminal B when in the 
region A to B one or more non-electrostatic types of electric intensities exist, or turbulent 
actions occur—as in voltaic cells, electrostatic generators, and electromagnetic sources of 
emf. 


Note 4. The sequence of the double subscripts to multiplying operators. 


The sequence of the double subscripts to the multiplying operators (mutual impedances, 
resistances, or elastances or transconductances, etc.) that occur in the fundamental equa- 
tions of networks is to be determined by the following consideration: 

Consideration. The set of fundamental equations (e.g., Kirchhoff’s emf equations) 
should yield a determinant in which the subscript sequence conforms to the mathe- 
matician’s convention for writing determinants; namely, 

Convention. In the double subscripts of the elements of a determinant, the subnumber 
designating the ‘‘row’’ is to precede the subnumber designating the ‘‘column”’ to which the 
element belongs, or the order is ér¢. Thus 


De) = €11 12 


€21 €22 
This consideration leads to the following rule: 


Rule for writing double subscripts. 

The first subnumber in the symbol for a multiplying operator designates the number of 
the circuit in which the product of the multiplication is measurable, while the second sub- 
number designates the number of the circuit in which the operand or multiplicand is 
measurable. 

As an illustration, Kirchhoff’s emf law for the emfs of the rth circuit due to the currents 
in all the circuits of a network is written: 


E,,a = Zrty AP Zola 22° Lrrle > 


Ea = 22/2 Linelie 
(Z,,a being the driving emf impressed in the rth circuit). 


or 


Note 5. Notation for symmetrical components. 


The standard notation for designating the symmetrical components of the currents and 
potential differences in unbalanced polyphase systems is that subscript notation in which: 
(a) double subscripts are added to the symbols for current and potential difference; 

(b) the first and second subscripts designate, respectively, the phase and the sequence to 
which the component belongs; 

(c) the first, or phase, subscript may be the phase number, or the phase letter, or a two- 
letter combination that designates (on a diagram) both the phase and the direction in 
the phase; 

(d) the second, or sequence, subscript is always to be the number that designates the 
sequence to which the component belongs; the positive, negative, and zero sequence com- 
ponents in three-phase systems being designated by the numbers 1, 2, and 0, respectively. 


Illustration of notation: 
Iq SS Tay oF Tag 4p Tao 
Ip = Int + Itz + Teo 
I = Tet ata Tee ae Ico 
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Note 6. Policy relative to coordinate standard symbols for the same magnitude and 
alternates to the standard symbols of magnitude. 


Coordinate Letter Standards (of the same order or rank). 

The listing of two coordinate letter symbols (separated by a comma) for the same magni- 
tude is only to be done when each symbol would be suitable for the standard symbol, and 
when the standardizing body finds itself (for the time being) unable to designate, as be- 
tween the two, the preferred, or the standard, symbol. If it is in a position to do so, the body 
may tentatively recommend one letter as the preferred symbol. 


Alternates to the Standard Symbols (letters designated for use in place of the standard 
in case of the unsuitability of the standard). 

The listing of a second letter symbol (in parentheses) as an alternate to the standard 
symbol of magnitude is only to be done for those magnitudes for which it appears evident 
that the standard letter will be in frequent conflict with the use of the same letter as the 
standard for some other magnitude. The thought is that the alternate symbol shall be 
used only in equations or articles or fields in which the use of the standard letter would 
result in confusion because the same letter is therein used as the standard symbol for some 
other magnitude. The column of alternate symbols is not to become a harbor for the 
preservation of national or group preferences. 
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21. STANDARD GRAPHICAL SYMBOLS 


(Approved by American Standards Association, Nov. 1, 1942) 
(Revised by American War Standard, April 18, 1944) 


1. Ammeter 


2. Antenna 


3. Antenna, Loop 


4. Aro 


5. Battery 


Long IIne always positive {f 

but polarity may be indicated 

In addition. 
6. Capacitor, Fixed —l 
Condenser, Fixed 


The curved electrode identifies 
the outermost electrode where applicable 
or the negative electrode for electrolytic 


capacitors, 


8. Capacitor, Variable 
The curved portion is the 


movable electrode. 


7. Capacitor, Fixed, Shielded 


9. Capacitor; Variable, Shielded 


10. Counterpoise 


11. Crystal Detector 


12. Galvanometer —(G)- 
T3. Ground ale 


14. Inductor SU — 


15. Inductor, Adjustable or Variable 


ope | 


Tyo 


SWTI 


16. Inductor Iron Core 


17. Jack 


18. Key 


19. Lightning Arrester 


‘20. Loudspeaker 


21. Microphone 


22. Phototube 


23. Piezoelectric Plate fh 


24. Resistor 


25. Resistor, Adjustable or 
Variable 


26. Spark Gap, Plain 
27. Spark Gap, Quenched 


28. Spark Gap, Rotary 
29. Telephone Receiver 


30. Telephone Transmitter 
31. Thermoelement 


32. Transformer, Air Core 
33. Transformer, Iron Core. 


34. Transformer, with Variable Coupling 


35. Voltmeter 


36. Wires, Crossed, not joined 


37. Wires, Joined 


STANDARD GRAPHICAL SYMBOLS 


1. Anode or Plate 
(Including Collector} 


2. Cathode-Ray Tube with 
Electrostatic Deflection 


3. Cathode-Ray Tube for 
Magnetic Deflection 


4. Cold Cathode 


Electron Tubes 
(ASA Z32.10-1944) 


as 


(Including lonic-Heated Cathode) if 


5. Deflecting, Reflecting, or 


Repelling Electrode 
(Electrostatic Type) 


6. Diode 
(Cold-cathode and 
Gas Content) 


7. Directly Heated Cathode 
(Filament Type) 


8, Double-Cavity Resonator 
Envelope 


9. Double-Cavity Velocity- 
Modulation Tube with 
Collecting Electrode 


10. Dynode 


11. Excitor 
(Contactor Type) 


Located as 
convenient 


12. Gas-Filled Envelope 


13. Grid 


(Including Beam-Confining or 
Beam-Forming Electrodes) 


14. Heater 


15. High-Vacuum Envelope 


Ignitor. 


16. Ignitor 


17. Indirectly Heated Cathode 


18. lonic-Heated Cathode with 


Supplementary Heater 
19, Loop Coupling 


(Electromagnetic Type) 


20. Mercury Pool Tube with 
Excitor, Control Grid, and 
Holding Anode 


21. Mercury Pool Tube with 
Ignitor and Control Grid 


22, Pentode 
(Suppressor or Beam- 
confining Electrodes) 


23. Photoelectric Cathode 


24. Phototube 


25. Phototube 
(Multiplier Type) 


© © -<@O @ J-14O> 
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Electron Tubes—Continued 
(ASA Z32.10-1944) 


26. Pool Cathode 


27. Resonant Magnetron 


28. Shield within Envelope 


OO 


External Connection 


29. Single-Cavity Resonator 
Envelope 


30. Single-Cavity Velocity- 
Modulation Tube with 
Reflecting Electrode 


31. Target, X-Ray 


32. Transit-Time Split-Plate Type 
Magnetron with Stabilizing 
Deflecting Electrodes and 
Internal Circuit 


33. Triode with Filamentary 
Cathode 


34, Triode with Indirectly 
Heated Cathode and 
Envelope Connection 


)-D B 4D © 


35. Triode with Indirectly 
Heated Cathode and 
Envelope Connected 
to Base Terminal 


© 
€ 
©) 


© 


©) 
) 


36. Triode-Heptode with Rigid 
Envelope Connection 


\ 
O—-@ 


( 


©) 


Small Pin 


37. Tube Base Terminals 
Large Pin 


Rigid Terminals 
Flexible Leads 


38. Tube Envelope Terminals 


39. This figure illustrates 
how tube symbols CO 


may be placed in any = Ie 
convenient position S 
as shown in a 


communication 
transformer circuit. 


40. General Notes 


(a) The diagram for a tube having more than 
one heater shall show only one heater symbol 
(inverted V) unless the heaters have entirely 
separate connections. If a tap is made, one heater 
symbol shall still be shown, and the tap shall be 
shown at the vertex of the heater symbol, regardless 
of the actual division of voltage across the heater 


(b) Item (a) shall apply also to filaments. In 
case of a tap, either brought out to a pin connection 
or internally connected as to a suppressor grid, the 
tap shall be shown at the vertex of the filament 
symbol, regardless of the actual division of voltage 
across the filament. 


(c) A type having more than one cathode shall 
be shown as having a single cathode unless separate 
cathode connections are made. 


(d) A type having two or more grids tied 
Internally shall be shown with symbols for each grid, 
except when the grids are adjacent in the tube 
structure. Thus the diagram for a twin pentode 
having a common screen-grid connection for each 
section and for a converter tube having the No. 3 
and the No. 5 grids connected internally will show 
separate symbols for each grid. However, a triode 
where the control grid is physically in the form of 
two grid windings would show only one grid. 


(e) A type having a grid adjacent to a plate but 
Internally connected to the plate to form a portion of 
it shall be shown as having a plate only, 


(f) Associated parts of acircuit such as deflecting 
coils, field coils, etc., are not a part of the tube 
symbol but may be added to the circuit in the form 
of standard symbols as shown in ASA Z32.3 or ASA 
Z32.5, For example, resonant-type magnetron plus 


* symbol for ferromagnetic inductor would be shown 


L axe 
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22. USE OF GREEK ALPHABET FOR SYMBOLS 


Lower 


Capital Case Name Commonly Used to Designate 
A a Alpha Angles. Area. Coefficients. Attenuation constant. 
B B Beta Angles. Flux density. Coefficients. 
iP Y Gamma _ | Conductivity. Specific gravity. Propagation constant. 
A ti) Delta Variation. Density. Damping coefficient. 
E € Epsilon | Base of natural logarithms. Capacitivity. 
Z v Zeta Impedance. Coefficients. Coordinates. 
H n Eta Hysteresis coefficient. Efficiency. 
8 0 Theta Temperature. Phase angle. 
I t Iota 
K K Kappa Dielectric constant. Susceptibility. 
A oN Lambda | Wavelength. 
M LB Mu Micro. Amplification factor. Permeability. 
N v Nu Reluctivity. 
z £ Xi 
Oo 0 Omicron 
sa 7 Pi Ratio of circumference to diameter = 3.1416, 
he p Rho Resistivity. 
> o Sigma Capital: sign of summation. 
Aig T Tau Time constant. Time phase displacement. 
7 v Upsilon 
® gorge Phi Magnetic flux. Angles. 
x x Chi 
wv y Psi Dielectric flux. Phase difference. 
2 3) Omega Capital: ohms. Lower case: angular velocity, or 2x &K frequency, 


CONSTANTS 


By Carl C. Chambers 


23. PRINCIPAL PHYSICAL CONSTANTS AND RATIOS * 


Velocitysoftlighthacte’ ste. scuhvrh ae eee (2.99776 + 0.00004) X 101° em sec + 


; aire (2.9971 + 0.0001) X 10° em”? sec~™” (int ohms)”2 
Ratio of electrostatic to electromagnetic units. { (2.9978 + 0.0001) X 10! om sec™! (in absolute units) 


Volume of a perfect gas (0 deg cent and normal 


atmospheric pressure).........-..-+ee+00 (22.4146 + 0.0006) X 103 em* mole ! 
Normal atmospheric pressure. ............+- (1.013246 + 0.000004) * 10° dynes em~? 
45 deg cent atmospheric pressure............ (1.013195 + 0.000004) xX 10° dynes em? 
Ice point (absolute scale).............-.000. 273.18 + 0.01° K 
Mechanical equivalent of heat (15 deg cent).. 4.1855 + 0.0004 abs joule cal~! 
Electrical equivalent of heat (15 deg cent).... 4.1847 + 0.0003 int joule cal! 
aradayrcolstantansncctccrtie rie cccae ce 96494 + 5 int coulombs g-equiv + 
iBlectronicrchargelmaeu sine rasee toa eee oe (4.8025 + 0.0010) X 107}° abs-es unit 

(1.60203 + 0.00034) X 107° abs-em unit 

PLATO RIOONS CATE aici ease wisie cai olen eierera ale Lelwraaia (6.624 + 0.002) X 10-27 erg sec 
Acceleration Of STAVItY icin. ciesisjwiac sc ctecess 980.665 cm sec 
Electrochemical equivalent of silver.......... 1.11800 & 107° g. int coulombs~! 
Wave length of red cadmium line (15 deg cent, 
} normal atmospheric pressure)............- 6438.4696 I.A. TF 
Effective grating space of calcite (18 deg cent) 3.02904 X 1078 em 
AV Opadroims MUL Del a acteyeeivere alent cleVeidsin -)clrle is (6.0228 + 0.0011) X 107% mole! 
IBoltzmanimiconstaliteraictscaice a cere ote sicicieislele > (1.3708 + 0.0014) X 107!6 erg deg! 
Stefan-Boltzmann constant..............006 (5.672 + 0.003) X 107° erg em 2 deg~# sec} 
Mass of thevelectrom-tr + selene ee fa ere or - (9.1066 + 0.0032) X 107% g 
Ratio of mass of H to mass of electron (meas- 

Urediby, deflection ivan... v= ris eere es ore) ens 1837.5 + 0.5 


x Values taken from Birge, Rev. of Mod. Phys., Vol. 13, No. 4 (October, 1941). 
+ This defines the international angstrom unit (I.A.). The unit is of the order of 1 part in several 
million different from 107° em, 


1-80 MATHEMATICS, UNITS, AND SYMBOLS 


24. STANDARD RADIO-FREQUENCY RANGES 


The International Telecommunication Union in 1947 adopted officially the Nomen- 
clature of Frequencies shown in Table 39. The designation of each metric¢ subdivision of 
wavelength range is the name of the metric unit of length which is equal to the shortest 
wavelength in the range. The range number is the power of 10 which represents the 
approximate mean frequency of that range. The frequency subdivision designations are 
those first adopted by the Armed Forces of the United States and subsequently by other 
branches of the government. 

The table is based on the approximation that the wave velocity is 300,000,000 meters 
per second. In any case, where the required precision makes this assumption inadequate, 
the exact boundaries of the ranges should be based on the frequency range, not the wave- 
length range. 

It is suggested that the term radio be added where there is any possibility of confusion. 
A power engineer might be considerably startled to hear 100 ke referred to as a “‘low 
frequency.” 

The term microwave has been variously used: (1) as referring to waves less than 1 meter 
in length; (2) as certainly including ranges 10 and 11, and part of 9; (3) as referring to 
waves using cavities instead of LC tuned circuits; and (4) as referring to waves transmitted 
by wave guides. Where any confusion is possible, the term should be eschewed or clarify- 
ing text added. 


Table 39. Nomenclature of Frequencies 


fers Frequency Range Mareen 
Num- Metric Frequency 
ber Lower Upper Lower Upper Subdivision Subdivision 
N Limit Limit Limit Limit 
(Inel.) (Excl.) (Excl.) | (Incl.) 
0 0.3¢ 3¢ 
1 3¢ 30c¢ 
2 30c¢ 300c 
3 300c¢ 3ke 
4 3ke 30ke 10 km 100km | Myriametric waves | VLF (very low frequency) 
5 30ke 300 ke 1km 10km_ | Kilometric waves LF (low frequency) 
6 300 ke 3,000 ke | hm 10hm | Hectometric waves | MF (medium frequency) 
7 3,000 ke 30,000 ke I1dkm]| 10dkm| Decametric waves | HF (high frequency) 
8 | 30,000 ke 300 Mc Im 10m Metric waves VHF (very high fre- 
quency) 
9 300 Me 3,000 Mc 1 dm 10dm | Decimetric waves | UHF (ultra high fre- 
( quency) 
10 3,000 Me | 30,000 Mc lcm 10cm | Centimetric waves |SHF (super high fre- 
quency) 
11 30,000 Mc 300kMc Imm 10mm | Millimetric waves | EHF (extremely high fre- 
quency) 
12 300kMc} 3,000 kMc 
13 3,000 kMc| 30,000 kMc 
14 | 30,000 kMc 300 MMc 


Note |. Ranges 0-3 and 12-14 not standardized by I.T.U. 

Note 2. Frequencies shall be expressed in kilocycles per second (ke/s) at and below 30,000 kilo- 
cycles per second and in megacycles per second (Mc/s) above this frequency. 

Note 3. Used as an adjective the word ‘‘Range’’ shall precede the number; thus: ‘Range 3.” 
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PROPERTIES OF MATERIALS 


CONDUCTING MATERIALS 


By Knox MclIlwain 


Since all materials possess, to some extent, the ability to conduct electricity, whether 
a particular material is called conducting or insulating is a matter only of relative degree. 
In general, if a moderate potential difference, say from a voltaic cell, is placed across 
a section of a material and a measurable current flows the substance is said to be con- 
ducting, but if no conveniently detectable current flows it is considered insulating. 

Among conducting materials are included pure metals, some metallic salts and oxides, 
alloys, and the metalloids, carbon, silicon, and boron. Such substances as glass, dry paper 
and silk, porcelain, and rubber possess such a very low conductivity that they are con- 
sidered insulating materials. 


1. DEFINITIONS 


Conductivity. The conductivity of a material is the direct current conductance be- 
tween the opposite, parallel faces of a portion of the material having unit length and unit 
cross-section. 

Effective Conductivity. The effective conductivity of a material to a periodic current 
is the effective conductance between the opposite, parallel faces of a portion of the mate- 
rial having unit length and unit cross-section. 

Resistivity. The resistivity of a material is the reciprocal of its conductivity. 

Units of Resistivity. The resistivity may be expressed as the resistance of a l-cm 
cube of material; this unit is called the ohm per centimeter cube or preferably simply the 
ohm-centimeter. In the English system the ohm-inch is used. When the material is to 
be drawn into wires the ohm per mil-foot is used; this is the resistance of a wire 1 mil 
(0.001 in.) in diameter and 1 ft long. 

Units of Conductivity. The conductivity of a material y is numerically equal to the 
reciprocal of its resistivity p and is expressed in mhos and megmhos per centimeter, etc., 
instead of ohm-centimeters and microhm-centimeters, etc., as used to express resistivity. 
Thus y equals 1/p. 

Annealed Copper Standard. The standard, or 100 per cent, conductivity is defined 
as follows: 

1. At a temperature of 20 deg cent, the resistance of a wire of standard annealed copper 
1 meter in length and of a uniform section of 1 sq mm is 1/53 ohm = 0.01724 ohm. 

2. At a temperature of 20 deg cent, the density of standard annealed copper is 8.89 
grams per cubic centimeter. This corresponds to 8.90 grams per cubic centimeter at 
0 deg cent. 

3. Thus, at 20 deg cent, the resistance of a wire of standard annealed copper of uniform 
section, 1 meter in length and weighing 1 gram, is (1/58) X 8.89 = 0.15328 ohm. 

Temperature Coefficient of Electric Resistance. The resistance temperature coeffi- 
cient 6; of a substance at any temperature ¢ is defined as the rate of change of resistance 
at this temperature divided by the resistance R; at this temperature: 


1 {dR 
p= (F : 


The ‘‘mean”’ temperature coefficient a; between any two temperatures ¢ and t; “referred 
to” the temperature t is defined as the ‘‘average’”’ change in the resistance in this interval 
per degree change of temperature, divided by the resistance at the lower temperature: 


Gy = Rua > Rt 
eR) 


The temperature coefficients of 100 per cent conductivity copper are given in Table 1. 
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Table 1. Temperature Coefficients of Copper 


Ohms per Per Cent 
Meter-gram | Conduc- 
at 20°C tivity 
0.16134 95 0.00403 | 0.00380 | 0.00373 | 0.00367 | 0.00360 
. 15966 96 . 00408 . 00385 . 00377 . 00370 . 00364 
. 15802 97 00413 . 00389 . 00381 . 00374 . 00367 
. 15753 97.3 00414 . 00390 . 00382 . 00375 . 00368 
. 15640 98 . 00417 . 00393 . 00385 . 00378 . 00371 
- 15482 99 . 00422 . 00397 - 00389 . 00382 . 00374 
. 15328 100 . 00427 . 00401 . 00393 - 00385 . 00378 
. 15176 101 . 00431 . 00405 . 00397 . 00389 . 00382 


The underlined values in the table have been adopted as standard by the American Institute of 
Electrical Engineers. 


2. PROPERTIES OF SPECIFIC CONDUCTORS 


Conducting materials can be roughly divided into two groups: the good conductors, 
and the resistive conductors. The good conductors are all metals, a group of some 50 
chemical elements recognized as such by their hardness, ductility, malleability, luster, 
and good conductivity of heat and electricity. Since these and other characteristics are 
possessed by these elements in varying degrees there are some which are metallic in 
some properties and non-metallic in others. Of these an electrically important group is 
carbon, silicon, and boron, often called the metalloids, which are rather good conductors 
of heat and electricity but have non-metallic mechanical properties. Almost all the 
resistive conductors on the market today are solid solution alloys or those composed 
largely of solid solutions. In electric circuits they are generally used either in devices 
for purposes of operation, protection, or control, or as heating elements. It is usually 
desirable for them to have properties of high resistivity and low temperature coefficient. 
of resistance, but in some cases a high temperature coefficient is useful—witness the use 
of nickel as a filament control. 

In general, the standard alloys for electrical resistance are made of nickel and chromium, 
compositions of 80 per cent nickel and 20 per cent chromium having high resistance to. 
oxidation with maximum working temperatures up to about 1100 deg cent. By varying 
the proportions of these and by the addition of different amounts of iron, copper, man- 
ganese, zinc, and cobalt we are able to obtain alloys which have different resistivities, 
temperature coefficients, melting points, magnetic properties, and heat- and corrosion- 
resisting properties. 

Tables 2 and 3 give the properties of materials available for the manufacture of con- 
ductors and resistors; Table 4 gives the physical properties of some beryllium-copper alloys. 
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Table 2. Pronerties of Conducting Materials at Usual Temperatures 


Res Temperature Tensile | Coef. 
Resistivity Coefficient, Max. | Den- Str. Lin. 
ak . Microbm-ern See Note a Work- | sity, (an- | Expan- 
Description of Material ——__ ———— | ing gm | nealed), | sion 
cm? Ib ° 
orc 20°C oe x aoe cm a es i . 
Acme * (Ni 30 + Cr5 + Fe 65) 87.3 20 0.00072 1,000 | 8.15 | 100,000 
Advance * (Ni 45 + Cu 55)... 48.8 20-100 . 00002 35a) O29) 60, 000 14.9 
Akbar * (Ni+ Cu-+Mn).... 83.1 20 . 0006 600 80,000 14 
Alferon * (Cr 14.25 + A13.5 + 
Re: 82:25) mctxercren ste sere 112 20-500 .00016 1,100 | 7.31 | 100,000 11.4 
VAN Oy HA WE Baik ienvaions sites Seats (Similar Chrjomel A) 
MUGS 2 OF cas as Ree Secor (Similar Chr|omel C) 
AlloyeDin ccna sdeckececriniee (Similar|Comet) 
Alumel * (Ni 94 + Mn 2.5 + 
Fe 055+ Al2+Si 1)...... A 33.3 0 .0012 1, 250 
Aluminum (Pure)............ 2.62 0-100 .00423 
Aluminum (Wire, 61% cond.). 2.607 2.828 18 . 0039 300 | 2.7 35,000 24 
Aluminum Bronze (Cu 97 + 
TNE) ieee a arinca Heit rk 8.85 15 . 000897 
(ANGIMON irate sale eiates ee 39.1 20 - 0036 
Argentan * (Cu 61.6 + Ni 15.8 
St NOLE-O) seis ose, oie eter 28.5 0-160 . 000387 
Argentan * (Cu 56 + Ni 26 + (15°) 42 (Simila}r German 
Zn 18) Sil) ver) 
ATSENIC Maite. cae hates cote 35 { .0042 
Ascoloy * (Fe 82-86 + Cr 16- 
12+Mn0.5+Ni0.5+ Si 
0:5) cae ioratoats sicit eect iersielans 1,230 
Beryllium ey jactee.cicn cis eee o/s 10.1 
Bismuth cay-aincueeene. 120 0-100 -00424 
20 004 
Boron tye. a: 8x 10! 
Brass (Cu 90.9 + Zn 9.1)..... 3.64 0-100 -00204 
Brass (Cu 65.8 + Zn 34.2).... 6.29 0-100 -00158 
Bronze (Cu 88 + Sn 12)...... 17.8 19-92 .0005 
Cadmium (drawn)........... 7.60 20 . 0038 
Wesiimes cae cetetne cs 19.0 
Calcium (99.57% pure)....... 4.59 . 0036 
Calido * (Ni 59 + Cr 16+ Fe 
D5) Sues ene eens 110 20 -00025 1,000 8.15 90,000 16 
Calorite * (Ni 65 a Cr 12+ 
Fe 15 + Mn 8).. : 
Carbon (graphite)........... (800- 25-387 | (—.0006 400 1.56 500 
1,300) —.0012) 
Carbon (incandescent lamp). .| 4,000 25-335 —.0003 350 1.54 600 
Chromax * (Ni 30 + Cr 20 + 
Ho'50) totter aeeee eee 100 20-500 -00031 | 5,100} 7.95} 70,000} 15.8 
Chromel * A (Ni 80 + Cr 20) 108 20-500 -00013 | 1,100} 8.4] 95,000] 17 
Chromel * C (Ni 60+ Cr 16 + 
Reid epee eee ee eee 112 20-500 | .00017 900 | 8.24] 95,000 | 17 
Chromel * D (Ni 30 + Cr 20 
ate 6°50) cles sevspaae) es sierra Se 99.5 20-500 00032 500 | 7.94 | 70,000] 16 
Chromium <syan-seeniecc oe 2.6 
Chronin * (Ni 83.7 + Cr 14.7) | (Similar Chr]omel A) 
Cimet * (Ni 25 + Fe75)..... (Similar|-Phenix) 


Norz a: Where a temperature range is given, the coefficient « je the mean value for the range, referred to the lower 
temperature. 


* Trademark names, 
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Table 2. Properties of Conducting Materials at Usual Temperatures—Continued 


tents Temperature Tensile | Coef, 
Asian NN Coefficient, Max, | Den- tr. Lin. 
Ly ; icrohm-cm See Not Work it (eae 
Description of Material eee fOr ae am Expan- 
Z Be po pig tee sion 
4 rs emp., emp.,| cm 1b- per °C 
he a Ce ae @ °C in? | 10-8 
Climax * (Ni 25+ Fe 74+ 
1 Or DE ao aren eee ac a 87 20 .0007 
Cobalt (99.8% pure)......... 9.7 0-100 -00658 
0 . 0033 
Comet * (Ni 30+ Cr 4.75 + 
We'O5.25). oss SOM. 28 95 20-500 | 00088 | 600] 8.15| 55,000) 15 
Constaloy * (Ni 45 + Cu 55).. (Similar | Advance) 
Constantan * (Cu 60 + Ni 40) 49.0 49 0-100 | 0.0000+ 62,000 
12 .000008 
25 - 000002 
100 —.000033 
200 —.000020 
500 . 000027 
Copel * (Ni 45 + Cu 55)..... 48.8 0-100 . 00002 500 | 8.86 | 60,000 14.9 
Copper (annealed standard)... 1.589 1.7241 | 0-100 00427 500 35,000 | 17 
20 . 00393 
Copper (electrolytic)......... 1.56 0-100 00428 
100 0038 
Copper (hard-drawn)......... 1.60 1.77 0-100 00408 600 | 8.92] 45,000] 16.6 
20 . 00382 
Copper-iron (Fe 0.4%)....... 4.08 0-100 .00155 
Copper-manganese (Cu 70 + 
WINE lagoopocgns sonoma 100 0-100 .00004 
Copper-manganese-iron (Cu 
70.6 + Mn 23.2 + Fe 6.2).. 77 0 .000022 
Copper-manganese-nickel (Cu 
73 + Mn 24+ Ni 3)...... 48 0 —.00003 
Corronil * (Ni 70 + Cu 26 + 
Mind) in}. (Ree. dacs cease (Similar] Lucero) 
Cronin’ Desa ateceescre. (Similar| Comet) 
Cronit * (Ni 60 + Cr 40)..... 
Cupromte vane esos Oeste. (Similar| Advance) 
Dilver * (similar Invar)...... 
Dumet * (Ni 46 + Fe 54).... (Similar |Invar) 
Electris * (similar Phenix).... 83.2 20 0011 8.1 
Elinvar * (Ni 36+ Cr 12+ 
URRSP Ae See nane Bieta ie 8 
Eureka * (similar Lucero)..... 47 0 .00005 
Evanohm * (Cr 20 + Al2.5 + 133 —50 to | +0.00002 900 100, 000 14 
Cu 2.5-+ Nibal.).......... 100 
Excello * (Ni 85-+ Cr 14+ 
Fe 0.5 + Mn 0.5).......... 91.4 92 20 -00016 | 1,150 
Excelsior * (similar Advance). . 49.2 20 . 0000 8.9 
Ferro-nickel. ¢. 2. .......6000 27.1 28.2 20 -00207 340 | 7.8 
Galliumieeiiieraase site oie iced 53 
German silver ¢ 18% (Ni 18 + 
Cu 64 + Zn 18)........... 33.1 33.8 20 -00031 260 | 8.5 17.3 
Germanitimes ew. ood. es 89,000 
Goldi(99:9%)): staat weapons 222 18-100 . 00368 500 | 19.3 20,000 | 14.2 
20 -0034 
Glowray * (Ni 65 + Cr 12+ 
C2) ee eos Sees (Similar|Chromel |C) 


Nore a: Where a temperature range is given, the coefficient a is the mean value for the range, referred to the lower 
temperature. 


* Trademark names. 
¢ German Silver-30% has substantially the same properties as ‘‘Advance.” 
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Table 2. Properties of Conducting Materials at Usual Temperatures—Continued 


Description of Material 


Hipernik * (Ni 50 + Fe 50)... 


Hopkinson alloy * (Ni 25+ Fe 
7 5) ees Sor Sic non Senne 


Hytemco * (Ni 72 + Fe 28)... 
la Ia * (Ni 40 + Cu 60 soft).. 
Ta Ia * (Ni 40 + Cu 60 hard- 

raw) kta ae do steven te 


Ideal * (Ni 40 + Cu 58 + Fe 
Heo SU OU Mosanter ononecer 


Invar * (Ni 36 + Fe 64)...... 
Invariant * (Ni 47 + Fe 53).. 


Tron (steel) soft............. 
Tron (steel) tempered glass hard 


Tron; casti(soft)ies cise ssicie% 


Tron, cast (hard)............. 
Kanthal D (Cr 23 + Al3 + 
Co2)=-PHe bali) a.te once nae 
Karma * (Ni 80 + Cr 20).... 
Kromax * (similar Karma).... 


Kromore * (Ni 85 + Cr 15)... 
Krupp metal (nickel steel). ... 
Lead 


Lucero * (Ni 70 + Cu 30).... 
Magno * (Ni 95+ Mn 5)..... 
IM aemesiism terecmisieyelelssarers creas 


Magnesium (free from zinc)... 
Manganese c.% aeotine oe 
Manganese-copper * (Cu 70 + 

Mn 30) 


Magno * (Mn 4.5 + Ni95.5).. 


Resistivity 
Microhm-cm 
o°c 20°C 
(Similar 
20 
47.1 47.1 
50.2 50.2 
49 
91.61 
(Similar | Nirex) 
8.37 
(Similar-| Platinite) 
6.10 
8.85 
10 
11.8 
5.7 
74.4 
97.8 
135 
103 
94.6 
85.0 
19.8 22 
63.3 
8.55 
10 
48.2 
4.6 
4.35 
5.04 
100 
14 
48.2 
20 


Temperature 
Coefficient, 
See Note a 

Temp., 

Le) a 
Phenix) 

20-100 -0045 
20 - 000005 
20 - 000011 

0-100 .0000-+- 
20 - 000005 
- 000479 
0 0.0047 
0-100 -00411 
0-100 -00625 
100 - 0068 
20 .0050 
10-35 .00423 
10-35 -00161 
0 -0016 

20-500 . 00003 
20 -00016 
20 - 000242 

.00070 

0-100 -00411 
20 - 0039 
0 - 0047 

20-100 -00071 

20-250 .0010 
20 - 004 

0 -0038 
0-100 . 00004 

20-100 -0045 

15-35 - 000015 
25 - 000000 
100’ | —.000042 

20-100 - 0036 


Max. 
Work- 


500 


520 


150 


1,000 


900 
1,100 


1,100 


700 
600 


1, 100 
100 


1, 100 


Den- 
sity, 
pee 
em’ 


8.9 


7.86 


8.9 


8.9 
8.9 


8.8 
8.2 


8.75 


Tensile 
Str. 
(an- 

nealed), 
lb 
in.” 


65,000 


80,000 


70,000 
100, 000 


90,000 
60,000 


90,000 


Coef. 
Lin. 
Expan- 
sion 
per °C 
105 °xX 


14 


1.5 
As glass 


11.7 


12.5 


14.6 
18.7 


14.3 


Nore a: Where a temperature range is given, the coefficient @ is the mean value for the range, referred to the lower 


temperature. 
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- Table 2. Properties of Conducting Materials at Usual Temperatures—Continued 


iegate Temperature Tensile 
ene Coefficient, Max. | Den- Str. 
Description of Material See Note a Wit eal ee 
é ' Temp., Temp.,} cm lb 
0°Cc 20°C °¢} a °C in 
Marsh’s patent * (Ni 75 + Cr iki 
7 EAE a) ee Ree a Oe (Similar Chr}omel A) 
Mercuryas. a. hos. acetone 94.07 95.783 0-100 Note b 
20 - 00089 
Midohm * (Ni 23 + Cu 77)... 30 20-100 - 00018 700 8.9 70,000 
Molybdenum (very pure)..... 5.14 0-100 - 00435 
25 . 0033 
Molybdenum (annealed)... .. 4.2 0-170 -0050 
Molybdenum (hard-drawn). . . 4.9 0-170 0050 
Mond * No. 70 (Ni 70+ Cu 
Or Mni4)i we. Sh. S. (Similar | Lucero) 
Monel metal (Ni 67 + Cu 28 
Fev DANS 088 cls OSE Sead 40.8 42.6 20 .0020 425 8.15 44,000 
Nichrome * (Ni 6! + Cr 15 + 
IND OA, Set oe saa 4 Oo eee 112 20-500 - 00017 980 | 8.25 | 120,000 
Nichrome * V (Ni 80 + Cr 20) 108 20-500 | 0.00013 1,100 8.41 95,000 
INIGK GLP eras he es chle eaverte 7.8 20 006 
Nickel (electrolytic).......... 6.93 0-100 .00618 
Nickel (very pure)........... 7.236 
Nickel (commercial wire)..... 9.9 20 . 00400 700 | 8.8 70,000 
Nickel-chromium (Ni-+ Cr 
and Fe+ Mn)............ 
Nickel-silver 18% (Ni 18+ 
Cu 64+ Zn 18)........... 33.3 20 .00027 260 8.5 60,000 
Nickel-silver 30% (Ni 30+ 
Cu 50 + Zn 20)........... 48.2 20 .00020 260 8.5 60,000 
Nickel steel (4.35% Ni)...... 29.4 
Nickelin * (same German sil- 
ver) 
Nicraloy * (similar Chromel).. 

Nilvar * (Ni 36 + Fe 64)..... 80.5 20-100 -00135 500 8.08 | 100,000 
Nirex * (Cr 13+ Fe 8+ Ni ha Ry 
7S) SB a:5 OO ORE Coe tees: 98.1 20-500 -0001 1,100 | 8.55 | 130, 
Onmiaxer a pensions acs ods 166 20-500 . 000066 500 | 6.8 | 130,000 

OSMAN «eo sscis sisiepe onesies 9.5 
allyson ce ries eteresofe io: s/svoi<lra 11 20 0033 
Palladium (very pure)........ 10.21.. 0 .0035 
Peerless * (Ni 78.5 + Cr 16+ 

Hes -EyMni2)... 021. Sages 95.5 20 -00618 | 1,100 | 8.05 
Phenix * (Ni 25 + Fe 75)..... 83.1 20 0011 400 | 8.10] 75,000 
Phosphor-bronze............. 7.75 0 -0040— 
Placet * (Ni 60 + Cr 15 + Fe 

2G Mnv5). 85. . 5.045 8-.0- (Similar | Premier) 
Platinite * (Ni 42-46, Fe 58- 

Seo Gao HERO BOSE He 45 0 .003 
Platinoid * (Cu 62 + Ni 15+ 

NELLY eeeteerneh «Scotto siieiels ti 34.4 

(18°) 

PAAUINUME ver cere hve ec Gienits 9.83 20 003 a 


12.6 


17 
17 


14,0 


17.3 


Nore a: Where a temperature range is given, the coefficient « is the mean value for the range, referred to the lower 


temperature. 


Nore b: Use equation R; = Ro (1+a7 + bT?) with a = 0.0008649 and b = 0.00000112. 
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Table 2. Properties of Conducting Materials at Usual Temperatures—Continued 


vite Temperature Tensile | Coef. 
Resistivity Coefficient, Max. | Den- Str. Lin. 
ee : Microhm-em See Note a Work- | sity, (an- | Expan- 
Description of Material ing gm | nealed), soya 
em lb EG) 
oc 20°C vey z at cm aa re av 
Platinum, drawn, wire........ 10.96 0-100 -00367 1,200 | 21.45 50,000 8.9 
0 .0037 
Platinum-iridium (Pt 80 + Ir —100 to 
ZO) Ste oss earera bree s-aycverts 31.6 +100 -002+ 
0 .0008 
Platinum-rhodium (Pt 90 + 
RATIO) Retreats etecasareetie 21.14 15 .00143 
Potassium sie. ccintieideeeee 6.1 0 -0057 
Premier * (Ni 61-+Cr 11 + 
Rer25et-Mnv>) eerie 103.0 20 -00036 | 1,000} 8.15 
Radiohm * (Cr 16.5 + Al 5 + 
HO:78:5))-esssereiecbeortaaciaee 133 20-500 .0001 500 7.30 90, 000 15.5 
Rayo * (Ni 85+ Cr 15)...... 95.7 20 - 00018 1,100 8.05 90,000 15 
Redray * (Ni 85 + Cr 15).... (Similar |Rayo) 
Rheotan * (Cu 84 + Fe 12 + 
Dnt4) 5. Shaan ci waar a. 44.6 0 - 00041 
Rheotan * II (Cu 53.3 + Ni 
25.3 + Fe 4.5 + Zn 16.9)... 53 0 0.0004 
(Rbodiamee yee 2 veers eee 5.11 0 . 0043 
Rose’s metal * (Bi 48.9 + Sn 
D3:D'= APD 2716) «chose Merete slate 64.5 0-94.3 . 0023 
Reabidiam severe deen iciee ee 11.6 0 . 0060 
R-63 Alloy (Mn 4+ Si 1+ 
ING 95) meteiaeteictsba ates 25 20-250 .0027 1,100 8.72 | 130,000 15.2 
Silchrome * (Si + Cr+ Fe)... 113.0 20 -000025 | 1,100 7.63 
Sibicony.i fern pee catesieteteioes 58+ 
Silver (99.78% pure)......... 1.629 20 . 0038 500 | 10.5 42,000 18.9 
(18°) 
Silver (electrolytic).......... 1.468 0-100 - 00400 
Bodiam gts janes 4.3 0 - 0054 
Stainless Type 304 (Cr 18 + 
Ni 8+ Fe 74)............. 73 20-500 -00094 | 1,100 | 7.93 | 200,000 | 20 
Steel (see iron) 
Strontiumunee eens eer na 24.8 
Superior * (Ni 78 + Cr 19.5 + 
Fe 0.5-++ Mn 2)........... 103.0 20 - 00011 1,100 8.2 
Mantalumi. se seiecwuie cere eens 14.6 15.5 0-100 .0033 
20 0031 
Tarnac * (similar Manganin).. 4] 20 -000025 100 | 8.89 
Tellariumeyeeeccedecteetan as 2X 106 
(19.6°) 
Thallium (pure)............. 17.6 
Therlo * (Cu-+ Mn+ Al).... 46.7 46.7 20 56 xX 1077 200 | 8.15] 78,000} 19.4 
Tico * (Ni 27.5 + Fe 72.5).... (Similar |Phenix) 
Disny cccee, aceon eit 10.5 11.5 0-100 -00465 
20 - 0042 
Tophet: FA eeonce cows nin (Similar Chr}omel A) 
Tophet iC saaepeccnne (Similar Chrjomel C) 
Tophet iD aeeeesen see (Similar Chr]omel D) 
WNUAUBIED Fase ae se tette toes 5.51 18 0045 2,000 | 19.3 | 600,000 4 


Nore a: Where a temperature range is given, the coefficient « is the mean value for the range, referred to the lower 


temperature. 
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Table 2. Properties of Conducting Materials at Usual Temperatures—Continued 


ee Temperature Tensile Coef. 
Hee Coefficient, te Den- | Str. | Lin. 
reeds ; = -1 sity, |* E s 
Description of Material See Note a a ing a ore eee 
° ° Temp., cmp: cm? lb per °C 
0 C 20 Cc °C a Cc in2 1 0-6 x 
Tungsten (annealed)......... 4.37 0-170 .0051 
Wood’s metal * (Bi 55.7 + Sn 
13.7 + Pb 13.7 + Cd 16.2). 51.8 0-69.8 .0023 
Yankee silver * (similar Nickel 
BLIVEL) teecncte rice ermereereci ge 33.0 20 .000155 8.6 15.9 
WANG! (DULG) Reta aetteae sige 5.38 18-100)  .00402 
ZAC (trace He) esa cise. ecicre se 5.75 5.92 20 00347 100 7.14 25,000 33 
14 Alloy (Ni 42-++- Cr 5.54 
LORY) SS a anen cop oe ee ee 93.1 20-500 -0025 1,100 | 8.10 | 100,000 | 10.8 
30 Alloy (Ni 2.25 + Cu 97.5). 5.0 20-100 0013 500 | 8.9 30,000 | 17.5 
42 Alloy (Ni 42 + Fe 58)..... 66.5 20-500 0012 1,100 | 8.12 | 100,000 by) 
ASVANl Oy, ccoetarh ie iaRinter cen (Similar] Advance) 
46 Alloy (Ni 46 + Fe 54)..... 45.7 20-500 .0027 1,100 | 8.17 | 100,000 8.0 
52 Alloy (Ni 51 + Fe 49)..... 43.2 20-500 0029 1,100 | 8.25 | 100,000 9.5 
COVA OY Fare cig ie cte ese enero (Similar] Lohm) 
90 Alloy (Ni 11 + Cu'89).... 15 20-100 00049 500 | 8.9 35,000 | 17.5 
OST All Oyo merstmtaron etnies ower (Similar}90 Alloy) 
99 Alloy (Ni 99.8)........... 8 0-100 .0060 
193 Alloy (Ni 30 + Cr2 + 
e167 =f Mnvyl)) eens cere 87.2 20 .00072 650 | 8.15 | 60,000 
BSBA OVE ets miter one tenets eiciers (Similar Eva|nohm) 
SISTA OVA Ment mee se eeiece 100 20-500 . 00034 500 


Nore a: Where a temperature range is given, the coefficient a is the mean value for the range, referred to the lower 
temperature. 


* Trademark names, 


2-10 PROPERTIES OF MATERIALS 


Table 3. Properties of Conducting Materials at High Temperatures 


ee ——————— 


Resistivity in Microhm centimeters 


Description of Material 


ALUMINUM (LUSEG) ereveteololenictale eo cre) olavetoielotetens otelons 
JA tier by re! C7} 1) Regen caren onda aGone sco as 
BAUM GUE S ee tate ceo seer sic fare cis, creie olenslecotexeleieherescotate 


Antimony (b)PLusedscercbereles co tieiclersre relat oteieterstetet= 
Antimony. (SOlid)is 2:2. sc efe'srs 0! sievey-vereiustesele\s bysleusies 
Bismuth (fused) 2.0.6.0 «cle cies sisiescie ae ee cseh sere cle 


IBraRsu(e—1lLUBEG) octamer see alten ears 1c «eka 
Braes1(2— Sou) hy overs ersnie ore ace ata easel scoiare suereke 


Cadmitrin, used) aoc ss apiscotessere elcre svare eraiecersveieie 
Calido(Bolid) ies ae cheresete Giacele oped soled aas.cieie byarocel sha 
Carbona Ry ptere crctereietaeiotietsreit oxclerclatecetevore veietotsve ors 


CATHOnt (D's ees cieeteletels bam eh cite o cle nis wieievsie'e eie's 
Carbona@)ircretottere cio ote wicblevs Hien sialanels eleie bisisvevere 
Carbont()irtec orteric wie erarererece, tie sce etelose sieve eisvelcus 


Carbonyorailins (A)icvs se cistereslclerais.c ote sterol o/s; ce asi sia 
C@arbonigrains: (D)ic..'..0<cssie 6 oo ois,0:¢,er81s 0's siaeye cue 
Garboninowders de cciccticte veis.cs cicicictelios preteen 


@Wopperi(fused)). icf. s-< sess ols ole oral =e) eqavoraeis a: isiesgiote 
Copperk(BOlid) Rraterrs otcietetanwersiecis custererate-o esvatereieve 
Copperichloridei(fused enn. «icr-siaels ss1<cle.cle cele 


Copperoxide (CuO) cnro% care v0 hs crereisinrs sverviajeteccs 
Copper‘oxide (Cal O- pow der))o assis sie ates o suelene 
Copper oxide (Cu Og powder)........cececceees 


GY ess a aye: syere: o1ere vaussecoveserershotars os ieleeherslene sietole sveheets 


Gold G(eolid) oo 55s sce e.c vars -ops.0 ss apsievetore ois 2105 oie eres 
Graphiter(a)iecwicc:sseier)sieisaleictonimetmete se mee ook 
Grapbiten()< « - c:iccsic:s cuereroe-s stetnie clots areve w atmeieiete 


Graphite rains) nciers oes eis! vw ere: sietelerclelterererticrererets 
TOM (A\ESOUA ion, ,sicis 0-2. eave «alone eiarale emcee eeioiorere 
Bron) used’ sc cc0/0evele-s\s:1s: ats. 0le setoreersorovere 


Iron oxide (Fez 03, powder) 
Krupp moetala(Solid)i..1ec sc; 'c s sie ee ctooeeeee 
EGE V POLE rrercrersieveleteis)e/o\svs e's cvs evaretnvertemratere terete 


ee ee ey 


Mead (fused) ye, te eet ais wiaiovs. a: 's.0.6sbtere teearalate ieee 
Lead chlorides(fuseds520°)\. . atciae acicteteeeene 
eadichloridex(GOlid) te-e\s.cisnie-ervs clove te tees 


Lead-tinzall ova (used) )as.cie.0:+1cclereyeloraievorseroniats hoe 
Magnesium oxide (powder)..............se0-- 
Manganese oxide (powder). .............-c0e- 


Manganese oxide (Mn Og, powder)........-.-. 
Molybdenum (Golid) ier ste ais <icls;s/0'~ pe cietelerelsislsreiote 
Nernst) filamentiitetcieclsisicisisisielere/sicreretete oyeoctod 


Nichrome* II (solid)...... aleleieveve'e'cleleterstateve/sreicie 
Platinum: (a) ‘wolidoeritectecte letters o ctelereiereeeieee 
Platinum (b) solid.......... aloieieisie atelstelererersietete 


* Trademark names, 


500°C 


10 


152 
139m 


60 < 106 appx. 


12.5 


8.5 106 appx. 
4.8106 appx. 


0.22 106 
5.1 

2.50 108 

5640 x 108 

1570 108 
94 


330 X 106 appx. 


6.62 
840 
800 


2.70 X 106 
52 appx. 


1260 x 106 
115 
10x 108 


102.85 
0.418 x 106 
0.824 x 106 


81 


2200 x 106 
16.5 


119 
34.4 
25.5 


19.7 106 


1000° C 
24 

8 109 
136 
167.5 


41 


122 
2400 


3400 

3000 

2100 
2.8X 108 


1.9X 108 
0.12 106 


9.42 


18x 106 


105 
1X 106 appx. 


12.54 
860 
650 


1.7 106 
111 appx. 
31.4 106 
4.8X 106 
125 


98 
1400 x 106 
15.7X 106 


28.5 


128 
66 
40.8 


15x 106 appx. 
110 106 
3.7X 106 


1500° C 
29 
75 X 107 


136 
2200 


2900 
1600 


0.85 x 10¢ 


24.8 


37 
890 
580 

1.2 106 


131 appx. 
166 


3.4X 106 
148 


40.5 
0.5X 106 appx.) 


98 
52.6 


0.5x 106 
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Table 3. Properties of Conducting Materials at High Temperatures—Continued 


Resistivity in Microhm-centimeters 


Description of Material 


500°C 1000° C 1500°C 

Silfrax® Bis Atoll ae odeteite sh s.e . See eee 0.92x 106 0.84 x 106 6.7x< 106 
SUICON cogs crecayesu es Nei eas <isvecle esse Piste eee 0.094 106 

to 0.023 106 
Silicon’ powder: Flas ots 0:5 Nelo s.0 oe ce acs acter 120 x 106 3.5 106 
Silver(fused) ate. svar eee teeth serene wes en 17.01 23 
Silver: ((Bolid) esc, leihore che o ace cele Wes, fa are o's ste 5 
Silver chloride: Gused) Je. :...F . 506 ad... <i's.c cele 0,547 x 106 
Sodium chloride (used)!s cp ou. ower eve. oys/s 13) seins 0.90 x 106 
PRANEALUIN (SOLIG) Fan wicls.e/e'o Tes obec eyevoue sys overs attrerers 36 57 
PDANGALUIININ GH) BOM svete ters craps win eieleys oxs 21815 s Jaren 78 
eirantalum: (b) solide . 4. . 04:06 eb Seeds + oes cele 74 
PRT (LUSSC)) «cic chs Re avefele oaks Riw.tie Wt neidiers'serele chee 54.62 68 80.5 
MAMI BRCON: (Olid) W.tehe-c.cfecc 8s the tv hie aietord sic. 2 cvsig erate 43 
“hungsten: (4) BOlidks 5 .fasie-cm obs, +% Siahe seo ln oh ises 18 30.5 
‘hungaten, (b) solide <jepsis.0 6.010 ie fo sys atsie sis <isiotehs 18 33.4 50 
ZAC ACSUBEG) Sore eccceias fel S be0,stavelieinbe lays, srsjovsi ohocate ceca 36. 60 
AMCOxXIde (Powder) soko sc ho ds trope sites ssi s ise 26.7 xX 108 


* Trademark names. 


Table 4. Approximate Values for the Physical Properties of Beryllium-copper Alloys 
of the 21 Per Cent Beryllium Class 


Soluti Soluti Solution-treated | Solution-treated, 
Conditi i a a t 2 - Pe d and Cold-worked, and 
ondition Lo rea : ae iS ae a Precipitation- Precipitation- 
nneee EMAL hardened hardened 
Electrical conductivity % I.A.- 
C.Ssiat 20° Ca. k..s tote e oa: 17 17 (a) 20-25 (a) 20-25 
(bo) 32-38 (b) 32-38 
Tensile strength, psi........... 70,000 90,000 (a) 160,000 (a) 180,000 
(6) 130,000 (b) 140,000 
Yield strength, psi, at 0.5% 
elongation under load........ (a) 150,000 (a) 175,000 
Elongation in 2 in., %.......... 35 (a)? | 350 (a) 2.0 
Modulus of elasticity, psi....... 16 x 108 18.4-19.4 x 106 
Endurance limit, psi, at 108 re- 
Verdals Of StreSB.. oe dene wanes 23,000 28,000 28,000 


(a) Heat-treated for maximrum hardness. (b) Heat-treated for maximum conductivity. 
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3. WIRE TABLES 


Table 5. Solid Copper Wire 
A. W. G. or B. & S. Gage; English Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Resistance at 


Diam- Cross-section 20° © or 68° F Weight in Pounds Feet 
Gage! eter in |__| per 
No. Mils Circular Square Ohms per Ohms per per Pound 
Mils Inches 1000 ft per Mile 1000 ft Mile 
0000 | 460.0 | 211,600 0.1662 0.04901 0.259/640.5 3380 1.561 
000 | 409.6 | 167,800 0.1318 0.06180 0.326)507.9 2680 1.968 
00 | 364.8 | 133,100 0.1045 6.07793 0.411/402.8 2130 2.482 
0 | 324.9 | 105,500 0.08289 0.90827 0.519/319.5 1680 3.130 
e289 83,690 0.06573 0.1239 0.654)253.3 1340 3.947 
2 |) 257/20 66,370 0.05213 0.1563 0.825/200.9 1060 4.977 
3 | 229.4 52,640 0.04134 0.1970 1,04 |159.3 841 6.276 
4] 204.3 41,740 0.03278 0.2485 1.31 |126.4 667 7.914 
5 | 181.9 33,100 0.02600 0.3133 1.65 |100.2 529 9.980 
l6 162.0 26,250 0.02062 0.3951 2.09 | 79.46 420 12.58 
7 | 144.3 20,820 0.01635 0.4982 2.63 | 63.02 333 15587, 
8 | 128.5 16,510 0.01297 0.6282 332 | 49.98 264 20.01 
10 | 101.9 10,380 0.008155 0.9989 5.28 | 31.43 166 31.82 
12 80.81 6,530 0.005129 1.588 8.38 | 19.77 104 50.59 
14 64.08 4,107 0.003225 Pi) 1329 12.43 63.3 80.44 
15 57.07 3,257 0.002558 3.184 16.8 9.858 52.0 101.4 
16 50.82 2,583 0.002028 4.015 2ilied, 7.818 41.3 127.9 
17 45.26 2,048 0.001609 5.064 Zon, 6.200 32.7 161.3 
{ 
18 40.30 1,624 0.001276 6.385 33.87 4.917 26.0 203.4 
19 35.89 1,288 0.001012 8.051 42.5 3.899 20.6 256.5 
20 31.96 1,022 0.0008023 10.15 53:6 3.092 16.3 323.4 
21 28.46 810.1 0.0006363 12.80 67.6 2.452 12.9 407.8 
22 Tyas) 642.4 0.0005046 16.14 85.2 1.945 10.3 514.2 
23 22.57 509.5 0.0004002 20.36 108 1.542 8.14 648.4 
24 20.10 404.0 0.0003173 25.67 135 16223 6.46 817.7 
25 17.90 320.4 0.0002517 32.371 171 0.9699 5 14 1,031 
26 15.94 254.1 0.0001996 40.82 216 0.7692 4.06 1,300 
27 14.20 201.5 0.0001583 51.46 272 0.6100 3.22 1,639 
28 12.64 159.8 0.0001255 64.90 343 0. 4837 Ze> 2,067 
29 11.26 126.7 0.00009953 81.84 432 0.3836 2.03 2,607 
30 10.03 100.5 0.00007894 | 103.2 545 0.3042 1.61 3,287 
31 8.928 79.70 | 0.00006260 | 130.1 687 0.2413 e274 4,145 
32 7.950 63.21 | 0.00004964 | 164.1 866 0.1913 1.01 5,227 
33 7.080 50.13 | 0.00003937 | 206.9 1,090 0.1517 0.814 | 6,591 
34 6.305 39.75 | 0.00003122 | 260.9 1,380 0.1203 0.635 | 8,310 
35 5.615 31.52 | 0.00002476 | 329.0 1,740 0.09542 0.504 | 10,480 
36 5.000 25.00 | 0.00001964 | 414.8 2,190 0.07568 0.400 | 13,210 
37 4.453) 19.83 | 0.00001557 | 523.1 2,762 0.06001 0.317 | 16,660 
38 3.965 15.72 | 0.00001235 | 659.6 3,480 0.04759 0.251 | 21,010 
39 By peal 12.47 | 0.000009793) 831.8 4,392 0.03774 0.199 | 26,500 
40 3.145 9.888! 0.000007766)1049 5,540 0.02993 0.158 | 33,410 
41 2. 800 7.842! 0.000006159| 1323 6,983 0.02374 0.125 | 42,130 
42 2.49 6.219 0.000004884| 1668 8,806 0.01882 0.0994] 53,120 
43 2,22) 4,932) 0.000003873)/2103 11,100 0.01493 0.0788] 66,990 
44 1.978 3.911} 0.000003072)2652 14,000 0.01184 0.0625] 84,470 


WIRE TABLES 2-13 


Table 6. Solid Copper Wire 
A. W. G: or B. & S. Gage in Metric Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


| Diameter, Cross-section, Ohms per Kilometer Kilograms per 
Gage Noe mm sq mm 20°C Kilometer 
0000 11.68 107.2 0. 1608 953.2 
000 10.40 85.03 0.2028 755.9 
00 9.266 67.43 0.2557 599.5 
0 | | 8.252 ! 53.48 0.3224 475.4 
1 i 7.348 42.41 0.4066 377.0 
2 6.544 33.63 0.5126 299.0 
3 5.827 26.67 0.6464 Poy [| 
4 i 5.189 | 21.15 0.8152 188.0 
5 ! 4.621 | 16.77 1,028 149.1 
6 4.115 Hl 13.30 1,296 118.2 
7 3.665 i 10.55 1,634 \93.78 
8 i 3.264 8.366 2.061 74.37 
10 2.588 5.261 SIM) 46.77 
12 2.053 3,309 5.211 29.42 
14 1.628 2.081 8.285 18.50 
15 1.450 1.650 10.45 14.67 
16 1.291 1.309 13.18 j11. 63 
17 1,150 1.038 16.61 ' 9,226 
18 1.024 0.8231 20.95 Zeon 
19 0.9116 0.6527 26.42 , 5,803 
20 0.8118 0.5176 33.31 4.602 
21 0.7230 0.4105 42.00 3.649 
22 0. 6438 0.3255 52.96 | 2.894 
23 0.5733 0.2582 66.79 2.295 
24 0.5106 0.2047 84.22 1,820 
25 0.4547 0.1624 106.2 1,443 
26 0.4049 0.1288 133.9 1.145 
27 0.3606 0.1021 168.8 0.9078 
28 0.3211 0.08098 212.9 1 0.7199 
29 0.2859 0.06422 268.5 0.5709 
30 0.2546 0.05093 338.6 0.4527 
31 0.2268 0.04039 , 426.9 0.3590 
32 0.2019 0.03203 538.3 | 0.2847 
33 0.1798 0.02540 678.8 | 0.2258 
34 0.1601 0.02014 856.0 | 0.1791 
35 0.1426 0.01597 1079 : 0.1420 
36 0.1270 0.01267 1361 i 0.1126 
37 0.1131 0.01005 1716 | 0.08931 
38 0.1007 0.007967 2164 ‘0.07083 
39 0.08969 0.006318 2729 0.05617 
40 0.07987 0.005010 3441 0.04454 
4l 0.07113 0.003973 4339 0.03532 
42 0.06334 0.003151 5472 0.02801 
43 0.05641 0.002499 6900 0.02222 
0.05023 0.001982 8700 0.01762 
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Table 7. Solid Copper Wire 
British Standard Wire Gage; English Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Cross-section Ohms per 
G N Diameter, 1000 ft, Pounds per 
age NO i 15.6° 1000 ft 
oy Circular Mils Square Inches fie a oa 
7-0 500 250,000 0.1964 0.04077 756.8 
6-0 464 215,300 0.1691 0.04734 651.7 
5-0 432 186,600 0.1466 0.05461 564.9 
40 400 160,000 0.1257 0.06370 484.3 
3-0 372 138,400 0.1087 0.07365 418.9 
2-0 348 121,100 0.09512 0.08416 366.6 
0 324 105,000 0.08245 0.09709 317.8 
1 300 90,000 0.07069 0.1132 272.4 
2 276 76,180 0.05983 0. 1338 230.6 
3 252 63,500 0.04988 0.1605 192.2 
4 232 53,820 0.04227 0.1894 162.9 
5 Ziz 44,940 0.03530 0.2268 136.0 
6 192 36,860 0.02895 0.2765 111.6 
7 176 30,980 0.02433 0.3290 93.76 
8 160 25,600 0.02011 0.3981 77.49 
9 144 20,740 0.01629 0.4915 62.77 
10 128 16,380 0.01287 0.6221 49.59 
11 116 13,460 0.01057 0.7574 40.73 
12 104 10,820 0.008495 0.9423 32.74 
13 92 8,464 0.006648 1.204 25.62 
14 80 6,400 0.005027 1,592 19,37 
15 72 5,184 0.004072 1,966 15.69 
16 64 4,096 0.003217 2.488 12.40 
17 56 3,136 0.002463 3.250 9.493 
18 48 2,304 0.001810 4.424 6.974 
19 40 1,600 0.001257 6.370 4.843 
20 36 1,296 0.001018 7.864 3.923 
22 28 784.0 0.0006158 13.00 2.373 
24 22 484.0 0.0003801 21.06 1,465 
26 18 324.0 0.0002545 31.46 0.9807 
28 14.8 219.0 0.0001720 46.54 0. 6630 
30 12.4 153.8 0.0001208 66.28 0.4654 
32 10.8 116.6 0.00009161 87.38 0.3531 
34 Ne 84.64 0. 00006648 120.4 0.2562 
36 7.6 57.76 0. 00004536 176.5 0.1748 
38 6.0 36.00 0. 00002827 283.1 0.1090 
40 4.8 23.04 0.00001810 442.4 0.06974 
42 4.0 16.00 0.00001257 637.0 0.04843 
44 352 10.24 0.000008042 995.3 0.03100 
46 2.4 5.760 0.000004524 1,769 0.01744 
48 1.6 2.560 0.000002011 3,981 0,007749 
50 1.0 1.000 0.0000007854 | 10,190 0,003027 


* Let C = per cent conductivity, Rg. = resistance of 100 per cent conductivity wire at 60 deg 
fabr (from table), R; = resistance of wire of conductivity C at any temperature ¢ deg fahr; then _ 


Ee a Reo [1 + 0.00223(¢ — 60)} 
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Table 8. Solid Copper Wire 
“Millimeter Gage ’’; Metric Units and Circular Mils 


100 per cent conductivity; density 8.89 at 20 deg cent 
errs 


Diameter, Cross-section, Ohms per Kilo- Kilograms per Cross-section, 
mm sq mm meter, 20° C Kilometer cir mils * 
10.0 78.54 0.2195 698.2 155,000 

9.0 63.62 0.2710 565.6 125,550 
8.0 50.27 0.3430 446.9 99,200 
7.0 38.48 0.4480 342.1 75,950 
6.0 RS IM 0.6098 251.4 55,800 
5.0 19.64 0.8781 174.6 38,750 
4.5 15.90 1.084 141.4 31,380 
4.0 12.57 Mesa i ithe zi 24,800 
3.5 9.621 1.792 85.53 18,990 
320 7.069 2.439 62.84 13,950 
7455) 4.909 3.512 43.64 9,690 
2.0 3.142 5.488 27.93 6,200 
be 2.545 6.775 22.62 5,010 
1.6 2.011 8.575 17.87 3,970 © 
1.4 1.539 11.20 13.69 3,040 
1,2 1.131 15.24 10.05 2,230 
1.0 0.7854 2) Oss 6.982 1,550 
0.90 0.6362 27.10 586568 | | pueteodec. 
0.80 0.5027 34.30 AEACD Ef |) RR tei k 
0.70 0.3848 44.80 SEaZbet Fl aes 
0.60 0. 2827 60.98 2.514 5065680 
0.50 0.1964 87.81 W746) Ff Fee Pees 
0.45 0.1590 108.4 Ls4t45% Poll tee e 
0.40 0.1257 137.2 LAT 7 || PiRadics 
0.35 0.09621 179.2 038553" bo =esstaws 
0.30 0.07069 243.9 0.6284 fF | SAPS 
0.25 0.04909 SDI. 2 0.43647 || | 3 958.843 
0.20 0.03142 548.8 OL27937) | | MR Seas 
0.15 0.01767 975.6 OsISTUST We |, Seas. 
0.10 0.007854 2195 O.06982F ) (  Ae.ae% 
0.05 0.001964 8781 OLOUZ4GS Po) oe Baoan 


* One square millimeter equals 1973.52 circular mils. _ 
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Table 9. Solid Copper Wire; Ohms per Unit Weight 
A. W.G. or B. & S. Gage; English and Metric Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Ohms per Pound j Ohms per Kilogram 
gees Cc 50° C cae TEES 
No. 0° © 20° 2 6 5 
32° F 68° F 122° F Uy fe 20°C JS 
0000 0.0000705! 0.00007652 0.00008554 0.0001554 0.0001687 0.0001886 
000 0.0001121 0.0001217 0.0001360 0.0002472 0.0002682 0.0002999 
00 0.0001783 0.0001935 0.0002163 0.0003930 0.0004265 0.0004768 
0 0.0002835 0.0003076 0. 0003439 0.0006249 0.0006782 0.0007582 
1 0.0004507 0.0004891 0.0005468 0.0009936 0.001078 0.001206 
2 0.0007166 0.0007778 0.0008695 0.001580 0.001715 0.001917 
3 0.001140 0.001237 0.001383 0.002512 0.002726 0.003048 
4 0.001812 0.001966 0.002198 0.003995 0.004335 0.004846 
5 0.002881 0.003127 0.003495 0.006352 0.006893 0.007706 
6 0.004581 0.004972 0.005558 0.01010 0.01096 0.01225 
7) 0.007284 0.007906 0.008838 0.01606 0.01743 0.01948 
8 0.01158 0.01257 0.01405 0.02553 0.02771) 0.03098 
9 0.01842 0.01999 0.02234 0.04060 0.04407 0.04926 
10 0.02928 0.03178 0.03553 0.06456 0. 07006 0.07833 
11 0.04656 0.05053 0.05649 0.1026 0.1114 0.1245 
12 0.07404 0.08035 0.08983 0.1632 0.1771 0.1980 
13 0.1177 0.1278 0.1428 0.2595 0.2817 | 0.3149 
14 0.1872 0.2032 0.2271 0.4127 0.4479 | 0.5007 
15 0.2976 0.3230 0.3611 0.6562 0.7121 | 0.7961 
16 0.4733 0.5136 0.5742 1.043 e132 1,266 
17 0.7525 0.8167 0.9130 1.659 1.800 2.013 
18 1.197 1,299 1.452 2.638 2. 863 3.201 
19 1.903 2.065 (2.308 4.194 4.552 5.089 
20 3.025 3.283 3.670 6.670 7.238 _ 8.092 
21 4.810 Se221 5.836 . 60 S| 12.87 
22 7.649 8.302 9.280 . 86 18.30 20.46 
23 mel2 116 13,20 14.76 81 29.10 32.53 
24 | 19.34 20.99 23.46 . 63 46.27 51.73 
2530075 33.37 S725 .79 135 82.25 
26 | 48.89 53.06 59.32 at) .0 131.8 
27 | 77.74 84.37 94.32 4 .0 207.9 
28 |123.6 134.2 150.0 $5 .8 330.6 
29 |196.6 213.3 238.5 3 a 525.7 
30 1312.5 339.2 3792 0 8 836.0 
31 |497.0 539.3 602.9 1,096 1,189 1,329 
32 1790.2 857.6 958.7 1,742 1,891 2,114 
33 1,256 1,364 1,524 2,770 3,006 3,361 
34 1,998 2,168 2,424 4,404 4,780 5,344 
35 3,177 3,448 3,854 7,003 7,601 8,497 
36 5,051 5,482 6,128 11,140 12,080 13,510 
37 8,032 8,717 9,744 17,710 19,220 21,480 
38 12,770 13,860 15,490 28,150 30,560 34,160 
39 20,310 22,040 24,640 44,770 48,590 54,310 
40 32,290 35,040 39,170 71,180 77,260 86,360 
41 51,340 55,720 62,290 113,200 122,800 137,300 
42 81,640 88,600 99,050 180,000 195,300 218,400 
43 129,800 140,900 157,500 286,200 310,600 347,200 


44 206,400 224,000 250,400 455,000 493,900 552,100 
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Table 10. Solid Aluminum Wire 
A. W. G. or B. & S. Gage; English Units 
61 per cent conductivity; density 2.70 


es 


Diam: Cross-section aaa & A Weight in Pounds 
Sage ker. Feet per 
O- mils Circular Square Ohms per |Ohms per per per Pound 
Mils Inches 1000 ft Mile 1000 ft Mile 
0000 |} 460.0 211,600 0.1662 0.0804 0.424 | 195 1027 5.14 
000 | 409.6 167,800 0.1318 0.101 0.535 154 815 6.48 
00 | 364.8 133,100 0.1045 0.128 0.675 | 122 646 8.17 
0 | 324.9 105,500 0.08289 0.161 0.851 97.0 512 10.31 
1 289.3 83,690 0.06573 0.203 1.073 76.9 406 13.00 
Ae) dO 66,370 0.05213 0.256 1.353 61.0 322 16.39 
3 | 229.4 52,630 0.04134 0.323 1.706 48.4 255 20.7 
4 | 204.3 41,740 0.03278 0.408 pe he) 38.4 203 26.1 
5 | 181.9 33,100 0.02600 0.514 rail 30.4 160.7 3209, 
6 | 162.0 26,250 0.02062 0.648 3.42 24.1 127.4 41.4 
7 | 144.3 20,820 0.01635 0.817 4.31 19.1 101.0 yA 
8; 128.5 16,510 0.01297 1,03 5.44 (V5). 74 80.2 65.9 
10 | 101.9 10,380 0.008155 1.64 8.65 9.55 50.4 104.8 
12 80.81 6,530 0.005129 2.61 13.76 6.00 EZ 166.6 
14 64.08 4,107 0.003225 4.14 AM) 3.78 19.93 265 
15 57.07 3,257 0.002558 Boe. 27.6 2.99 15.81 334 
16 50.82 2,583 0.002029 6.59 34.8 pee Wf 12.54 421 
17 45.26 2,048 0.001609 8.31 43.8 1.88 9.94 531 
18 40.30 1,624 0.001276 10.5 552.3 1.49 7.89 670 
19 35.89 1,288 0.001012 W352 69.7 1.18 6.25 844 
20 31.96 1,022 0.0008023 16.7 87.9 0.939 4.96 1,065 
21 28. 46 ' 810.1 0.0006363 21.0 110.9 0.745 3.93 1,343 
22 SYS) 642.4 0.0005046 26.5 139.8 0.591 Belz 1,693 
23 22.57 509.5 0.0004002 33.4 176.3 0.468 2.47 2,130 
24 20.10 404.0 0.0003173 42.1 222 0.371 1.961 2,699 
25 17.90 320.4 0.0002517 See 280 0.295 e556 3,390 
26 15.94 i 254.1 0.0001996 67.0 353 0.234 1,233 4,280 
Zo 14,20 201.5 0.0001583 84.4 446 0.185 0.978 5,400 
28 12.64 ; 159.8 0.0001255 106 562 0.147 0.776 6,810 
29 11.26 - 126.7 0.00009953 |134 709 0.117 0.615 8,580 
30 10. 03 | 100.5 0.00007894 |169 894 0.0924 0.488 | 10,820 
31 8.928 ' 79.70 | 0.00006260 |213 1127 0.0733 0.387 | 13,650 
32 7.950 ' 63,21 | 0.00004964 |269 1421 0.0581 0.307 | 17,210 
33 7.080 50.13 | 0.00003937 |339 1792 0.0461 0.243 | 21,700 
34 6.305 39.75 | 0.00003122 |428 2260 0.0365 0.1929] 27,400 
35 5.615 31.52 | 0.00002476 [540 2850 0.0290 0. 1530} 34,510 


* Let C = per cent conductivity, Roo = resistance of 61 per cent conductivity wire at 20 deg 
cent (from table), Ry = resistance of wire of conductivity C at any temperature ¢ deg cent; then 


Rie os [1 + 0.004(¢ — 20)] 
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Table 11. Solid Aluminum Wire 
A. W. G. or B. & S. Gage in Metric Units * 
61 per cent conductivity; density 2.70; temperature 20 deg cent or 68 deg fahr * 


Diameter, Cross-section, Ohms per Kilograms per 
Gage No. mm sq mm Kilometer Kilometer 
0000 11.68 107.2 E 0.264 289 
000 10.40 85.03 0.333 230 
00 9.266 67.43 0.419 182 
0 8.252 53.48 0.529 144 
1 7.348 42.41 0.667 114 
2 6.544 33.63 0.841 90.8 
3 5.827 26.67 1.06 72.0 
4 5.189 20305 1.34 57.1 
5 4,621 16.77 1,69 45.3 
6 4.115 13.30 2.13 35.9 
7 3.665 10.55 2.68 28.5 
8 3.264 8.366 3.38 22.6 
10 2.588 5.261 5.38 14,2 
12 2.053 3.309 8.55 8.93 
14 1,628 2.081 13.6 5.62 
15 1.450 1.650 17.1 4.46 
16 1.291 1.309 21.6 3.53 
17 1.150 1.038 27.3 2.80 
18 1.024 0.8231 34.4 2.22 
19 0.9116 0.6527 43.3 1.76 
20 0.8118 0.5176 54.6 1.40 
21 0.7230 0.4105 68.9 T1 
22 0.6438 0.3255 86.9 0.879 
23 0.5733 0.2582 110 0.697 
24 0.5106 0.2047 138 0.553 
25 0.4547 0.1624 174 0.438 
26 0.4049 0.1288 220 0.348 
27 0.3606 0.1021 277 0.276 
28 0.3211 0.08098 349 0.219 
29 0.2859 0.06422 440 0.173 
30 0.2546 0.05093 555 0.138 
31 0.2268 0.04039 700 0.109 
32 0.2019 0.03203 883 0.0865 
33 0.1798 0.02540 1110 0.0686 
34 0.1601 0.02014 1400 0.0544 
35 0.1426 0.01597 1770 0.0431 


* Let C = per cent conductivity, R29 = resistance of 61 per cent conductivity wire at 20 deg 
cent (from table), Ry = resistance of wire of conductivity C at any temperature ¢ deg cent; then 


Ras St P01 + 0.004(t — 20)] 


The temperature coefficient is approximate only, 
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Table 12. Solid Steel Wire 
American Steel Wire Gage; English Units 
12.5 per cent conductivity; density 7.78 


Am. : . Resistance at Weight in 
Sissel ie ve Crk 20° C or 68° F * Pounds Feet 
Vi eS S| per 
‘Gage I Mil Circular | Square | Ohms per} Ohms per per per Pound 
No. a a Mils Inches | 1000 ft Mile 1000 ft | Mile 
1/2 500.0 250,000 | 0.1964 0.332 1.752 | 662.5 | 3499 1.51 
7-0 490.0 240,100 | 0.1886 0.346 1.825 636.3 3360 1.57 
15/39 468.8 219,800 | 0.1726 0.378 1,993 ' 582.4 | 3075 1.72 
6-0 460.0 211,600 | 0.1662 0.392 2.07 560.8 | 2961 1.78 
7/16 437.5 191,400 | 0.1503 0. 433 2.29 507.2 | 2678 1,97 
5-0 430.0 184,900 | 0.1452 0.449 2.37 490.0 | 2587 2.04 
13/39 406.3 165,000 | 0.1296 0.503 2.65 436.8 | 2306 2.28 
40 393.8 155,100 | 0.1218 0.535 2.82 411.9 2175 2.42 
3/g 375.0 140,600 | 0.1104 0.590 3.12 372.6 | 1967 2.68 
3-0 362.5 131,400 | 0.1032 0.631 3.33 348.2 | 1839 2.87 
11/32 343.8 118,200 | 0.09280 0.702 a7 | S135 1653 3.19 
2-0 331.0 109,600 | 0.08605 0.757 4.00 290.3 | 1533 3.44 
5/16 312.5 97,660 | 0.07670 0.850 4.49 258.8 | 1366 3.86 
' @0 306.5 93,940 | 0.07378 0.883 4.66 249.0 1315 4.02 
\ | 283.0 80,090 | 0.06290 1.036 5.47 Pai hPa 74 | fea MPA 4.71 
t 9/39 281.3 79,100 | 0.06213 1.049 5.54 209.6 | 1107 4.77 
ieee 4 262.5 68,910 | 0.05412 1,204 6.36 182.6 964.1 5.48 
; V4 250.0 62,500 | 0.04909 1.328 7.01 165.6 874.5 6.04 
3 
iin 243.7 59,490 | 0.04665 1,397 7.38 157.4 831.0 6.35 
\ 4 225.3 50,760 | 0.03987 1,635 8.63 134.5 710.2 7.43 
i 7/32 218.8 47,850 | 0.03758 1,734 9.15 126.8 669.5 7.89 
5 207.0 42,850 | 0.03365 1,936 10,22 113.6 599.5 8.81 
6 192.0 36,860 | 0.02895 yas) 11.88 97.7 515.8 10.23 
3/16 187.5 35,160 | 0.02761 2.36 12.46 93.2 491.9 10.73 
{ 7, 177.0 31,330 | 0.02461 2.65 13.98 83.0 438.4 12.04 
ies 162.0 26,240 | 0.02061 3.16 16.69 69.6 367.2 14.38 
j 5/39 156.3 24,410 | 0.01917 3.40 17.95 64.7 341.6 15.46 
} 9 148.3 21,990 | 0.01727 3.77 19,92 58.3 307.8 17.16 
10 135.0 18,200 | 0.01431 4.55 24.0 48.3 255.0 20.70 
1/g 125.0 15,630 | 0.01227 5.31 28.0 41.4 218.6 24.15 
11 120.5 14,520 | 0.01140 5.71 30.2 38.5 203.2 25.98 
12 105.5 11,130 | 0.00874 7.45 39.4 2905 155.7 33.90 
3/30 93.8 8,789 | 0.00690 9.44 49.8 23-5 123.0 42.94 
13 91.5 8,372 | 0.00658 9.91 SYA 22.1 117.2 45.16 
14 80.0 6,400 | 0.00503 12.96 68.5 17.0 89.55 58.97 
15 72.0 5,184 | 0.00407 16.01 84.5 13.7 ALeo> 72.80 
16 62.5 3,906 | 0.00307 iMag 412.1 10.4 54.66 96.60 
1/16 62.5 3,906 | 0.00307 Pile? Neh 10.4 54.66 96.60 
17 54.0 2,916 | 0.00229 28.5 150.2 7.73 40.80} 129.5 
18 47.5 2,256 | 0.00177 36.8 194.2 5.98 31.57] 167.2 
19 41.0 1,681 | 0.00132 49.4 261 4.45 23.52) 224.4 
20 34.8 1,211 | 0.00095 68.5 362 3.2 16.95} 311.5 
21 31.8 1,008 | 0.00079 82.3 435 2.67 14.11) 374.4 
1/32 31.3 977 | 0.00076 85.0 449 2.59 13.66] 386.5 
22 28.6 818 | 0.00064 | 101.4 536 2.17 11.45) 461.1 
23 25.8 666 | 0.00052 | 124.6 658 1.76 9.31) 567.0 
24 23.0 529 | 0.00042 | 156.8 828 1.40 7.40) 713.5 
25 20.4 416 | 0.00033 | 199.4 1053 1.10 5.82| 907.0 


* Let C = per cent conductivity, hye : 
Roo = resistance of 12.5 per cent conductivity wire at 20 deg cent (from table), 
Ry = resistance of wire of conductivity C at any temperature ¢ deg cent; then 
R= ee Rw [1 + 0.006(¢ — 20)] 


The temperature coefficient is approximate only. 
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Table 12. Solid Steel Wire—Continwed 


American Steel Wire Gage; English Units 


12.5 per cent conductivity; density 7.78 
SS ae Ree POs Se 


Am A : Resistance at Weight in 

Steel ETERS Crone secuee 20° C or 68° F * Pounds Feet 

Wire Os be |” per 

Gage - Circular | Square | Ohms per; Ohms per per per Pound 
No, | i. | Mils Mils | Inches | 1000 ft | Mile | 1000ft | Mile 

26 18.1 328 | 0.00026 | 253 1337 0.87 4,58) 1152 
27 L733 299 | 0.00024 | 277 1464 0.79 4.19) 1261 
28 16.2 262 | 0.00021 | 316 1669 0.70 3.67| 1438 
29 15.0 225 | 0.00018 | 469 1947 0.60 3.15] 1677 
30 14.0 196 | 0.00015 | 424 2240 0.52 2.74) 1925 
31 1352 174 | 0.00014 | 476 2510 0.46 2.44] 2166 
32 12.8 164 | 0.00013 | 506 2670 0.43 2.30) 2303 
33 11.8 139 | 0.00011 | 596 3150 0.37 1.95] 2710 
34 10.4 108 | 0.00008 | 767 4050 0.29 1.51] 3489 
35 9.5 90 | 0.00007 | 919 4850 0.24 1.26] 4193 
36 9.0 81 0.00006 !1023 5410 0.21 1.13] 4659 
* Let C = per cent conductivity, 


resistance of 12.5 per cent conductivity wire at 20 deg cent (from table), 
resistance of wire of conductivity C at any temperature ¢t deg cent; then 


R= 15 Bap [1 + 0.006(¢ — 20)] 


R20 
Rt 


The temperature coefficient is approximate only. 


COPPER-CLAD STEEL WIRE. This wire consists of a steel core and a concentric 
coat of copper permanently welded thereto. It is used chiefly for long-span transmission 
and telephone wire. It is made in several grades, which differ in the relative amounts of 
steel and copper. The grades are designated by the corresponding conductivity expressed 
as percentages of the Annealed Copper Standard: e. g., 40 per cent grade has a conductivity 
of 40 per cent. 

Table 13. Copper-clad Steel Wire 


A. W. G. or B. & S. Gage; English Units 
40 per cent conductivity; density 8.26 


. ‘4 Resistance at Weight in 
Diam- ices -8oC O38 23.9° C or 75° F * Pounds Feet 
Gage CRE eS SS SS per 
No. mils Circular Square Ohms per} Ohms per per per Pound 
Mils Inches 1000 ft Mile 1000 ft Mile 
0000 460.0 211,600 0.1662 0.123 0.649 595 3140 1.68 
000 409.6 167,800 0.1318 0.154 0.813 471 2490 2.12 
00 364.8 133,100 0.1045 0.195 1.03 374 1970 2.67 
0 324.9 105,500 0.08289 0.246 1.30 297 1570 SLSy/ 
1 289.3 83,690 0.06573 0.310 1.64 235 1240 4.26 
2 257.6 66,370 0.05213 0.390 2.06 186 982 5.38 
3 229.4 52,630 0.04134 0.492 2.60 148 781 6.76 
4 204.3 41,740 0.03278 0.622 3.28 117 618 8.55 
5 181.9 33,100 0.02600 0.782 4.13 92.9 491 10.76 
6 162.0 26,250 0.02062 0.987 5.21 <7) 389 13.57 
7 144.3 20,820 0.01635 1,25 6.60 58.5 309 17.09 
8 128.5 16,510 0.01297 1.57 8.29 46.4 245 21.6 
9 114.4 13,090 0.01028 1.98 10.5 36.8 194 27.2 
10 101.9 10,380 0.008155 2.50 132 29.2 154 34.2 
1 90.74 8,234 0.006467 Bes 16.6 23) 1 122 43.3 
12 80.81 6,530 0.005129 3.97 21.0 18.3 96.6 54.6 
13 71.96 5,178 0.004067 5.00 26.4 14.6 Utle)| 68.5 
74 64.08 4,107 0.003225 6.31 335, URS 60.7 87.0 


* Let C = per cent conductivity, : 
Ro3.9 = resistance of 40 per cent conductivity wire at 23.9 deg cent (from table), 
Ry = resistance of wire of conductivity C at temperature ¢ deg cent; then 


pie et + 0.00432(¢ — 23.9)] 


The temperature coefficient is approximate only. 
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ALLOY WIRES OF HIGH TENSILE STRENGTH. Copper alloys having a low con- 
ductivity but a tensile strength from 50 to 100 per cent greater than that of copper are 


sometimes used where strength or hardness is a primary requisite, as in long spans of 
small wires or for trolley wires. 


TENSILE BREAKING LOAD. The tensile strength in pounds for solid wires from 
1/16 to 1/2 in. in diameter is given in Table 14. 


Table 14. Breaking Load for Solid Wires in Pounds per Wire 


Diameter Hard-drawn c 4 
Gage No. |__| _ Hard-drawn Aluminum at chee Steel 
A.W.G. Copper (23,000 to ; teel, (100,900 Ib 
or B. & 8. In. Mils (A.S.T.M.) * | 33,300 Ib 0 per te per sq in.) ¢ 
per sq in.) Grade 
Ye 500 9310 4520 11,400 19,640 
0000 460 8140 3820 10,000 16,620 
7/16 437 7500 3460 9,250 15,030 
000 410 6720 3030 8,300 13,180 
3/g 375 5800 2540 7,150 11,640 
00 365 5540 2400 6,850 10,450 
0 325 4520 1910 5,700 8,289 
5/16 312 4220 1770 5,400 7,670 
1 289 3680 1530 4,800 6,573 
2 258 3000 1240 4,000 5,213 
1/4 250 2830 1170 3,780 4,909 
3 229 2420 1000 3,200 4,134 
4 204 1950 810 2,600 3,278 
3/16 187 1680 693 2,300 2,761 
5 182 1570 655 2,200 2,600 
6 162 1270 532 1,800 2,062 
7 144 1020 432 1,450 1,635 
8 129 822 351 1,200 1,297 
1/g 125 780 335 1,150 1,227 
9 114 660 287 975 1,028 
10 102 528 234 800 816 
ri 91 423 191 650 647 
12 81 337 155 510 513 
13 72 268 126 410 407 
14 64 213 103 330 323 
I1¢ 62 203 98 310 307 


* Tensile strength in pounds per square inch ranging from 49,000 for No. 0000 to 66,200 for 
No. 14; see below. 

+ For wires having a tensile strength of S pounds per square inch, multiply by S/100,000. The 
tensile strength of steel varies from 60,000 to 225,000 lb per sq in. 


INSULATING MATERIALS 


By W. R. Dohan 


4. DIELECTRIC PROPERTIES 


Dielectric Constant. The dielectric constant, K, of an insulating material is the ratio of 
the capacitance of an electrode system using the material as a dielectric to its capacitance 
with a vacuum dielectric. When the material has appreciable losses so that the parallel 
capacitance, Cp (determined by comparison with a standard capacitor and a parallel con- 
ductance, @), differs significantly from the effective series capacitance C, (determined by 
comparison with a standard capacitor and a series resistance, R), it is standard to use 
the value of C, in computing the dielectric constant. These capacitances are related by 
the following formula: 


Cp = a Fo = Co ccs? 5 


= the loss angle or phase difference. 
= the dissipation factor. 
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Since the dielectric constant may vary considerably with frequency or temperature the 
conditions of measurement should always be stated. 

Phase Difference or Loss Angle. The difference between the theoretical 90 electrical 
degrees phase advance of the current through a perfect capacitor and the actual angle of 
phase advance, 9, of the current through the dielectric material is known as the phase 
difference, or loss angle, 6. 

Dissipation Factor. For convenience in reference and calculation the tangent of the 
loss angle, 6, has been assigned the standard designation ‘‘dissipation factor” and given 
the symbol D. 

Power Factor. The power factor of a dielectric material is the ratio of the power loss 
in the material to the product of the applied voltage and current. The power factor there- 
fore is equal to the cosine of the angle of phase advance, 0, and to the sine of the comple- 
mentary angle, 6. The sine and tangent of a small loss angle are very nearly the same, so 
that the power factor is substantially equal to the dissipation factor for values less than 0.1. 

Loss Factor. The product of the dielectric constant and the dissipation factor (or 
power factor if the value is less than 0.1) is known as the loss factor. 

Power Loss. The power loss in a dielectric may be considered to take place in a ficti- 
tious shunt or series resistance, depending on the material, the applied frequency, and 
the temperature. For a series resistance, R, the dissipation factor is 


D = tan 6 = R2z7fC, = Power factor 
For a parallel conductance, G, or shunt resistance, 7, the dissipation factor is 
G 1 
D = tan 6 = —— = —— = f 
an QafC, ~ r2afC, Power factor 


In the above formulas C,; and C, are substantially equal for dissipation factors less than 0.1. 
The power loss, P, in a parallel resistance is 
D 
IPS ees E°2rfCpD watts 
The power loss in a small series resistance is 
P = E*[2xfC,2 R = E°2xfC,D watts 


Writing C, = C, = C in terms of K, area in square centimeters A, thickness in centi- 
meters t, and the dielectric coefficient for free space 8.854 X 1072, 


Ga= 88545410 ms aka a 
and AK 
P = 0.555 X 10°” - H? - —— - f-D watts 


t 
which may be rewritten in terms of volume in cubic centimeters, V, 


se (JENS 
IP = OES S< a (7) - V-f-(K-D) watts per cm? per cycle per (volt per cm)2 


Thus the power loss is seen to (1) increase as the square of the voltage gradient (H/t); 
(2) increase with the volume of material in the field; (3) increase with frequency if (K-D) 
is constant; (4) increase with the product (K-D), the loss factor. Shunt resistance or 
conductance is often the most important cause of losses at frequencies below 10 ke, since 
the impedance of the capacitor is relatively high compared to the shunt resistance. Ata 
frequency of 100 ke the impedance will be much lower compared to the shunt resistance, 
and at 1000 ke the shunt resistance of good dielectric materials is extremely high com- 
pared to the impedance. In the frequency range from 1000 ke to 1000 Mc the dielectric 
constant and dissipation factor of good non-polar dielectric materials vary but slightly, 
thus indicating a constant loss per cycle. 

Polar and Non-polar Materials. A polar substance is characterized by a permanent 
unbalance in the electric charges within a molecule. This unbalanced charge system is 
known as a “‘dipole” and tends to turn in an electric field. In liquids and soft solids which 
are polar, there is a free rotation of the dipoles at certain temperatures and applied fre- 
quencies, causing a very high loss. 

Non-polar materials have no permanent charge unbalance: though the molecule may be 
distorted by an applied electric field, no tendency to rotate exists. Non-polar substances 
therefore are free of sharp loss peaks as the temperature or frequency is varied, any changes 
in dielectric constant and power factor occurring gradually. Whether a substance is polar 
or non-polar can usually be predicted from its chemical structure. Most hydrocarbons 
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are non-polar and hence are numbered among the best dielectrics, e.g., polyethylene, 
polystyrene, mineral wax, and oil. 

Dielectric Absorption in Solids. A pure capacitance may be completely charged or 
discharged almost instantaneously if the resistance in the external circuit is small. When 
the capacitor contains an imperfect dielectric, current continues to flow and the charge 
increases for a considerable period. The current slowly approaches a final value fixed by 
the insulation resistance of the dielectric. For this reason, insulation resistance readings 
are taken after the voltage has been applied for a standard time of 1 minute. 

When the capacitance is discharged through a small resistance, a portion of the total 
charge will be instantaneously dissipated; this has been called the ‘“‘free charge.” If the 
circuit is opened, the capacitor will be found to have another and smaller charge known as 
the “residual” or ‘‘bound”’ charge. Sometimes this process may be repeated two or three 
times. : 

When an absorbing dielectric is subjected to an alternating electric field, the maximum 
charge is greater than tke free charge but less than the total charge in a d-c field. The 
measured value of the dielectric constant decreases with increasing frequency, approach- 
ing a value corresponding to the “‘free charge.’’ The instantaneous charge is not in phase 
with the applied a-c voltage, and a loss of energy results, heating the dielectric. The 
maximum loss occurs at a frequency which is equal to the reciprocal of the time constant 
of the charge or discharge current-time curve. When the frequency is increased until the 
time constant for one cycle is very short compared to the charging time constant with 
direct current, practically no loss remains. 

The exact mechanism of absorption loss is not known, although many theories have 
been suggested, such as surface charges in non-homogeneous dielectrics (Maxwell and 
Wagner), space charges (Whitehead and Joffé), and dipoles (Debye). 

Insulation Resistance. Insulation resistance is the ratio of the applied d-c voltage to 
the resultant current flowing, after 1 minute of voltage application, between two elec- 
trodes embedded in, or making contact with, the dielectric. The nature of the specimen 
determines whether the value represents principally surface resistance or volume resist- 
ance: when thin specimens with studs or bolts as electrodes are measured at high humid- 
ities, the value is more nearly representative of surface resistance; when electrodes of large 
area are applied to the faces of a slab and measured at low humidities the result is more 
nearly representative of volume resistance. 

Surface Resistivity. Surface resistivity is the resistance between opposite edges of a 
square. Since the resistance of the body of a material is always in parallel with the surface 
resistance, the latter is measurable only when the volume resistance is much greater than 
the surface resistance, e.g., under conditions of high humidity and large ratio of surface 
to volume in the electric field. 

The degree of surface contamination is an important factor since perspiration or other 
surface contaminant dissolves in the condensed moisture layer and increases its conduc- 
tivity. While a layer of pure water 0.1 micron thick would result in a surface resistivity 
of about 3 X 10!° ohms at room temperature (a value commensurate with most wetted 
insulating materials at humidities above 90 per cent), a mere trace of salt on the surface 
would reduce the resistance by a factor of 107%. 

The temperature coefficient of surface resistivity is negative. 

Volume Resistivity. Volume resistivity is the resistance between opposite faces of a 
centimeter cube after the surface leakage is eliminated; it is expressed in ohm-centimeters. 
Volume resistivity is calculated from the resistance between two electrodes, one of which 
is completely surrounded by a guard electrode maintained at the same potential. The 
current due to the surface resistance flows through the guard circuit and does not influence 
the value of current in the guarded electrode circuit. 

Volume resistivity has a negative temperature coefficient and often is found to have a 
negative voltage coefficient. Some materials, especially those of a fibrous nature, exhibit 
changes in resistance with polarity and the resistivity may change with time, owing to 
polarization or to water migration. This is known as the “‘Evershed effect.” 

Dielectric Strength of Solids. The dielectric strength of a material is the maximum 
potential that unit thickness can withstand without breakdown. The value obtained 
will depend upon sample thickness, temperature, applied frequency, wave form, electrode 
form, area and heat conductivity, the surrounding medium, and the rate and total time 
of voltage application. 

In order that test values may be comparable, the American Society for Testing Mate- 
rials has standardized these variables for specific classes of materials. The dielectric 
strength values for a given class of material, e.g., molded thermosetting plastics, are 
therefore comparable but do not bear a direct relation to the values for a different class 
of material, e.g., mica or oil. 
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The general effect of increase in thickness is to raise the total breakdown voltage: the 
increase for solid dielectrics is nearly linear for small thicknesses at room temperature but 
very much less than linear for large thicknesses or higher temperatures. Elevation of 
temperature invariably reduces the dielectric strength. 

The peak value of the 60-cycle a-c breakdown voltage usually is less than that of the 
d-c breakdown voltage. The breakdown voltage decreases with increasing frequency, 
the rate depending on the loss factor of the material. Dielectric strength at 1 megacycle 
may be as low as 25 per cent of the 60-cycle value. 

When an electrode is sharply curved, the potential gradient at the surface is raised 
according to the laws of electrostatics, and a reduction in breakdown voltage results. If 
the electrode area is increased, the probability of a weak dielectric spot within the electrode 
area is likewise increased, and the average dielectric strength is reduced. 

The effect of time on breakdown voltage is best stated by Peek’s equation: 


g=ge(1 — at”) 
where g = dielectric strength at time ¢ seconds. 
go = dielectric strength at infinite time. 
a = a constant. 


Both go and a vary with temperature and thickness. The formula is unsatisfactory for 
times less than 0.01 sec or for very long periods. 

The general effect of placing dielectrics in series is to decrease the a-c breakdown voltage, 
since the voltage divides in inverse proportion to the dielectric constants if the resistivities 
are high. Laminated structures, unless bonded with a medium of the same dielectric 
constant or impregnated throughout with some medium, tend to have a lower dielectric 
strength than that of an equivalent thickness of homogeneous material. The presence of 
air or gas between laminae causes a pronounced reduction in dielectric strength. 

Flashover. Flashover is an insulation failure by discharge between the electrodes over 
the surface of an insulator. Sometimes the insulator is permanently damaged by the 
flashover. In a uniform electric field the flashover voltage at low relative humidities 
approaches the dielectric strength of air as a limit. Increase in humidity causes a surface 
moisture film to form on the insulator, reducing the flashover voltage. Substances which 
are wetted by water form a more or less continuous film, and the flashover values are 
somewhat erratic, falling rapidly up to about 50 per cent relative humidity and then more 
slowly. Non-wetted substances such as waxes, on which the moisture condenses in drop- 
lets, show an almost linear, and quite consistent, decrease in flashover with increase in 
humidity. Higher temperatures and lower pressures both reduce the density of the air: 
therefore both factors decrease the flashover value. The flashover voltage at high humid- 
ities may be from three-quarters to one-half of the sparkover voltage in the absence of 
the insulator. 

Arc Resistance. The power arc following a flashover or the breaking of contacts over 
the insulator surface subjects the surface to extreme heat, to chemical action, and to 
deposition of electrode material. Where exposure of the insulator to arcs cannot be 
avoided, it is important to know the degree of resistance to be expected. Glass, mica, and 
ceramic materials are quite resistant and become permanently conductive only by deposit 
of electrode material. Organic materials fail by carbonizing and become permanently 
conductive even with intermittent arcing. Unfortunately, the phenolic materials are very 
poor in this respect, failing in a few seconds when tested according to ASTM method 
D495. Plastics, such as polystyrene, which liberate volatile monomers, tend to blow the 
arc from the surface and fail in about 60 sec. Shellac, hard rubber, and vulcanized fiber 
are moderately arc resistant. Vinyl plastics and methacrylates likewise are somewhat 
resistant. The melamine resins are outstanding as a class: glass cloth melamine laminates 
last over 180 sec. Cellulose acetates and ethyl cellulose may be formulated to exceed 
180 sec resistance. Non-refractory cold-molded compounds and glass-bound mica may 
last from 180 to 400 sec.. Refractory cold-molded compounds last even longer, approach- 
ing the ceramics. - Arc-resistant varnishes are available which considerably improve the 
rating of phenolic materials. 

Test Methods. Methods of testing electrical insulating materials have been standard- 
ized by the American Society for Testing Materials (1916 Race St., Philadelphia 3, Pa.). 
A few of the more important standards are listed below: 


Dielectric Constant and Power Factor............ ASTM D150 
Dielectric Stren eth sata eee ae nee eee ASTM D149 
Insulation) Resistance mae icf. tiie iietaeieieeieene ASTM D257 
Are Resistance, 0.53 acc abssen Soe: on Cee ASTM D495 


Reference should be made to the current Index to ASTM Standards for further information. 
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5. SOLID DIELECTRIC MATERIALS 


Table 1 lists the important physical and electrical properties of solid materials useful 
for electrical insulation; it is followed by a list of trade names and additional information. 
The properties given are not intended to be design values but to illustrate the range of 
properties to be expected in a given class of material or a value typical of the class. 
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PROPERTIES OF MATERIALS 


Table 1. Properties of Solid 


Physical Properties at 25° C 


* Trademark names, 


Tens. | Comp. | Mod. Flex. Coef. | Ther. | Max. 
Density, Str., Str., of Str., Lin. Cond. Oper. | % H20 Material 
gm Ib Ib | Blae | Ib | Ther. | per °C} Temp., | Absorp- (See text also) 
ent | oR, | ind, | tomy | ad, | ERR PIE, | Semin ‘ote 
xo | xto® | X10° | x108 | Yig-6| ay |B) 
1.3-1.5 5-6 23.0 |0.25-0.4 9.0 90-100 5.0 | 60-80 0.3-0.4 | Allyl resin, cast...............2- 
2.6 8.5 75 15 20 6.9 60 1000 | 0.00-0.08| Alsimag * No. 35...............- 
2.7 10 85 5 22 Thee) 60 1000 | 0.00-0.05 so No; 196-25. aceeincone 
2.7 7.5 Ooi lB cow arey 18 7h) 60 1000 | 0.00-0.08 s Nos21 ter. cacsrcnetne 
1.05 | Melt. pt. 250-325° C 3 yee Croce 180? Low, || :Ambersscccascusscemecumometeenete 
1.21 10.0 20-22 0.65 15-20 DA "| svaiseacaers 107 0.08 | Aniline formaldehyde resin........ 
1.5 9-11 38-44 1.2 12-16 1 al ecleeaniee 148 0.2-0.6 | Same, glass mat............... 
CS al Lis Se ls croonend jaistotwod cul lag eccdoo Isonoatos 3.45| 260 | Very high) Asbestos paper (dry)............. 
HOI=V09 8 Melts pts D7=87 aC [eerste srererersterd ail nratereicte ae 14=-20' he AccasanCioeienee Asphalt: (native) vj.cc-2 oe sete ae 
W=1S17, \eMielt. pte27—l22 © sflash pt.200-320~ ©) |) |lrrisin'|/= <rteve elle eratersiateteteee ~ ““petroleumivin sec. ono ene 
0.9-1.07 | Melt. pt. 27-162° C; flash pt. 175-290°C  —sid... wo Jee ee eee eee eee & blowniaseaisus eae earache 
1.2-1.3 5-11 | 26-33 | 0.7-1 12-17 50-110 3-4 125 | 0.05-0.07| Bakelite * resin, pure............ 
0:96:07) Melts ptso0:5=63:51C re 11] eee eel taro ete tare erererevctarsl| ctasoves acevel| Uatetevereiatans,< Beeswax; yellow: ga..caree sence 
1.32-1.39 | 4.5-10 5.1-27 | 0.5-0.57) 10-18 BO eee se| oe. eens 7-14 | Casein plastic..................- 
1,35-1.6 4-10 25 0.2-0.39 9 120-160 |3.1-5.1 45 2,3=3:2) | Celluloid;* clearss. 0.02. e eo 
Bes A diaoo a Boabe chal ostacad pbcenacal ero ceene Gonceenn EAcctntd InTsoR esl eco acaoe Cellulosesdry.a.eenee eaten sens 
1,.28-1,32 VV A eect Nemes Morena cistern eeooriccs (nario rend Mets cnmar f acetate, film j,/400,)-0 
1.25-1.37 4-8 10-30 |0.15-0.3 | 3.5-10 | 120-160 |5.4-6.5 | 50-70 2.0-7.5 “transparent sheet, 
1.25-1.56 | 2.5-9 11 ORG cers: 100 5.3-8.7 | 50-70 2.0-4.0 G “pigmented sheet 
1,25-1.4 3-11 11-27 | 0.1-0.4 5-13 80-160 |5.0-9.0 | 60-70 2.0-7? ts “molded, gen. pur- 
pose 
1.14-1.22 | 2.7-8.0 | 7.5-22.0} 0.1-0.35} 2.0-13 | 110-160 |4.5-7.8 | 60-75 1.6-2.6 | Cellulose acetate, butyrate, molded: 
[AV AIPP AOR EO Paae oad loaner 4.8-10 | 120-190| 48 60-75 1.0-1.7 ¢ propionates...-.e.e. «.< 
O9.120:92) | MeltaptiG5=75.210) |e sie -cyall Oietetene aleve lloratecorotes te'| seareetene «||| creieeteete Nil Ceresin waxaie on Sueno re 
(LOY A Wis anaaponl ooccc cre bamessee ee eseanan neers 100 0.3 Corex? . oa..danstoasals totter cee = 
2.0-2.4 2-4 40-50 7, 8-10 | 1.1-2.5 30 1200 | 0.05-5.0 | Cordierite ceramic.............. = 
Bor aU UCHIO SornTal enncae temeecal occterdan) (amoral latices adn abl avooeaas Blectrose;* black... .-/....aceeene 
Da Bae ateresebetevacel| sh eiesitararetl| lose eiaarenncon otevatacaras ae 10 20-30 300 | Very low | Enamel, vitreous............... 2 
HO5=122) | 0!4=30 iver. SS OZ Bi \asyscrerti [lsat certo |stats: 55 1.5-3.0 Ethyl cellulose, non-rigid........ = 
1.01-1.18 | 2.7-8.0 8-20 | 0.1-0.4 4-12 | 100-140 5.6 | 50-90 1.0-2.0 es rigid, gen. pur.. 
VTS 05-310 ree O31=O;25| seers 120-180 |3.8-6.2 | 35-60 1.3-2.0 Ys “ CASUAN Ratios cons = 
>1.3 >6.0 S30 lee >13 27 46 125 | <60 Fiber, bone, vulcanized........... 
>1.05 >6.0 S10 pil eerestanss >12 27 4-6 125 | <65 “+ commercial. .ju-cieee ns 2 
2.3-2.9 2-5 10-30 | 8.5-13 |........ Ye EG Veale ashe ae Nil Glass, crown (lime) j.<<0.1cnck ‘: 
2.9-5.9 3-6 61018 |.8:7=13) | eee 810.5] 14-20 |........ Nil Aimti(ead)teseeee aes = 
ete okeietesshkci el sasrsceress alle aessrstetecal| ajaravetess all haieveceysteccse 8.9 LY Aig eR roe ere Nil “ -commercial plate......... = 
DDO Wieatets cis oe 40 8:86" |lenerreiven 32 de eerie Nil «“  Pyrex,* chem. resistant ... . 
DED a eaters caver [iste oe 10 33: 24 500 Nil « EO WiOlOOH HITS, Fe teres cate 
DEO MA iec.csisccrs tll a heetsrone shel os aye asters 7 S220 cee 450 <0.01 < Multiform *°#:707.25 ee .e 
OAH A Renn ocal lOQoe ange Monoecre Dre cacon O78 | ee 800 Nil “he Ny con® 790 tessa ota ics 
3.44 5-8 22-40 8 15-20 8 13 300 0.03 | Glass-bonded mica, gen. purpose. . 
2.75-3.5 6-10 30-45 8 14-19 5-10 6-12 |300-400 |0.003-0.1 o ks “ low loss grade. 
3,8-3.9 >6 >20 8 13-19 6.4 8.3 |300-400 | 0.06-0.1 & « « injection 
molded 
S stance O57 alice cscre)| severe oe cline atelier a eames 200 ecco seyal|) CURIONI ete eee eer ee 
O96 9 | Meltepty1902C, | enee|ecieenes 200 Coiilanne noel loceccacce Guttaiperchastsn-saceeeeeeeaste 
a qaetaeteras 1.99 M565] soe sxcss,zisil s.vsvoveey aval Sreuorate berate lavas: cva-cvu I oweemeyetav Ml [ane eetrartieds | | ELT Gos spec =o eae a 
2.5-2.8 6.0 100 [EXE Wipseaade 7.0 17.5 | 1000 Nil-O:1)|Isolantite*2y-siscrrasineeine iets 
eo RCP AD (terrors Rieeceees [Ree eriren menor A Ie ricer | Pcie aml It ean oe ee ee Tvory avis jack cote cate soe one 
Da 2 7. | aatersyurctsso 20230 ailtis= Bi. cteietel| eve mere Ac aeeletnene OPA OKO Bea eoan havart jncjccon os Sade os Geeeeneses 
2.8 2.0 DO | ee seer 8 8.3 50 1200 1.5 S™ (Grade) seccsarreene cee 
Peg} INS) 20 crane ce 9 2.9 30 1100 2 S| (GradevA).tre.<crcent tite 
2.66 7.2 Ola ies aace 10.5 tN Dent eased IsBer ivi O:01)) | aviter* avec et ooeet acloac re 
1.3-1.4 7-11.5) 24-29 | 0.7-1.4 | 15-19 | 21-24 |....... 70 | 0.05-4.2 | Lignin, sheet..................04 
1.01-1.09 My Erne A lens crcl Kitan orton econ: ea. 15 |ca. 1000| ca. 60 | Magnesium oxide, comp. powd., dry- 
Pe tera COACH lOricetiadl Wencnnaa le ooeene (eames macal ticom nal MnSbaac altacocoscn. Marblexibhieyeeeet ee aoe 
216-2847 een 835-2131 pean ba eto TO=160| 7 O le eee 0.26 #70 whitened ponte Rane 
1.35-1.4 YEG leek ene el ie 12-13 alicecn ened | eee oe | eee ee 0.4-1.9 | Masonite die stock *............. 
1.45-1.55 6=7/5)\|| 22-25) | eee sek bar bs Mel Genaeol Goat od 98 0.6-1.8 | Melamine, alphacellulose filled. . . - 
1.4-1.5 | 3.6-7 2320 || eters WOH 14 al ae cece alice 98 <5) J chopped rag filled..... . 
1.9-1.95 | 16-29 | 38-60 |........ 31=62 oll cares asetal cere Sal eee 1.5-3.0 id glass cloth filled....... 
1.7-2.2 5-6 20 1.6 7. 5- 9:3) || 20-451 | nee nce 125 0.1 Mg mineral filled.......... 
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Dielectric Materials 
Electrical Properties at 25° C 


Dielectric Constant | Power Factor % | Volume Resistivity Surface Resistivity, Dielectric Strength 
(Note D) (Note D) (Note E) ohms at 20-25° C (Note F) Refer 
Z ae ence, 
Freq. Freq. Ohm-cm ree Nes MOA Thick- See 
less than mats . j less than ae a at ee ness, ie page 2-32 
2ke 2ke 20-25°C | sgeq | 30% | 50% | 90% | mils | PO ™ 
3.75-4.0 3.5 1.5 5.6 (PSST AP |e ae on 125 450 |28, 33, 39 
6.5 6.2 0.3 0.2 S| Sorel | Re ot | ee nese 250 225 39 
6.3 6.0 0.14 0.08 i (cS cal ee he i See Ree A | a ae 250 240 |39 
perks BB a cdl: 0.02 S102 | oti | PR ee | OR es tec tt ABP LIZ 50 240 |39 
SH Tay (sein cecal Co eeaE 0.513 SSCTOLS | teeaciee Meets OSGIO LSS 1002| eee 1400 |1, 16 
3.73 3.6 0.23 0.66 TO It eee eee ee 101-1012) 125 600 |39 
4.6 4.5-5.2 2.0 1.0-1.3 1O2Siaml les act eee cere eines 3.1109 | 62 | 450-600 |32, 39 
Sigh | <i ees S|PO  LAl1e g a eel  . aeiel|ee, t | | e  Le | ee 47 100 |2,7 
2: Thad | SRE re Nas eee [oe eee cfc ceo enh Pose Reeenuutelameiaeacalteeueane, 90 25-50 |8, 12, 17 
5 1 | Serene 229 ae ee, GA SO%E en Se ec esl rete kl Src ak a(t oan 2, a |e een 8, 12, 17 
CM (mbna D9 IN ies oe CES ITE Ea =| Onell setae nll EaMnnern Eoremrar ol be rccanllescaaanet 8, 12, 17 
oc AS aia ee eto 0.2 21016} 26 | 4x10!% 81015) 8xI0!4).......| 250-700 |1, 12, 26 
2.88 Bi2 2.94 1.63 21015 16.0 | 7x10%4] 61014) 5x10!4)....... 250 |1, 5,8 
Bee cen 6.15 Jl. aeaeees. 5.19 Sa ae cealleo mono aaclly OD Ue Monee nonl| 12s 160-700 |26, 33 
6.7-7.3 6.8 | 6.2-14.4| 7.4-9.7 21019} 1.8 | 8x10) 51019 2109 | 125 | 300-700 |I, 12, 33 
230 5 ACTS ee | pe Barer a eee ISS] LNT Nees, cease ces] are ee oS esse ieee RRA liy ers taf 12 
43-4.8 | 3.3-4.0 | 2.0-3.0 | 3.0-4.2 TOE TE cited |e ANS als eee oral Sees 2-7 |2800-3300)39 
45-6 33-5 3-8 3-6 SIE egno del soa sncd 31022} 1014 | 10-30 | 600-1300]12, 28, 39 
12 4.9 CR Pe Rie ee a ALAN Re Lee eae gp Pe ree emo m ead Montore 600-1000/39 
4.5-6.2 | 4.0-5.2 | 1.5-4 425.55 | 1021022 | eae ale ean 100=10L2 (emer 125 290-365 |40 
3.6-6.4 | 3.0-6.2 1-6 1-5.0 $0 2= 1012) |Eere een Bert el cys nrc >1013 | 125 250-400 |32, 40 
3.6-3.8 | 3.3-3.5 370-425 |39 
22 25. 70:03") 101048 |) SS>cIOLS |. Ne 85<1025) 81025) 8>c1028| ee al aie 1,5,8 
27 2.7 500 |33 
Bete: 5-6 100 |19, 21, 39 
2 Se ae ae 600 |I, 12 
SR Ie He oy sacar, STEER [ccd bevel] twee Naso oP Coeds Bre | Gee eee ao ocoltteve ora ctetaeeeterst 16 
DOE OU eae ee O 25-016 cee braes| ALOE alt. ite Meaeh de ll eters | Fee esate| Sapate-7-}| eateries ats 40 
2.5-4.0 33.7 250-600 |32, 40 
Bsa a (OSiSES'OO74=2.5.81  WSSZI6E |. oe MMAOOIE,. wave te VA cc coi etence | safe aes | Mem allie erect: 31 
2.5 5-7.5 >175 |1,5, 12,41 
2.5 57.5 >175 11,5, 12, 41 
(EGY Oh See 1200 |15, 23, 27 
7-9 7 860 |15, 23, 27 
Bet. cb 7.6 see kG 
48 AS -\'O:2-0:4%| “MNO42ueN | qtO SIL... Akal oe teat. S002 5) || Roma meratraree 15 2g 
Beak. 4.7 1300 |15 
Rect. dey 4.0 >500 27, 39 
4.0 >500 |27, 39 
bechister: 8.3 >180 |39 
BONS: 6.5-7.5 >180 |39 
Be tect 7.8-8.3 anaes (39 
Mech crsianrte ss 75 |I, 12 
3.0-4.9, |... cco 200-500 |1, 12 
Beet iis tse Serna: 50275) | |aul2 
6.1 6.1 320 |39 
soo ordopalle ne nenl! Gananceelbon cone decles 2>.<(z ee tiem |< est ie cea DUE 9 cedase laane coon 1, 16 
ES ARA ss oe 75-250 |1, 16 
Peete 5.6 <100 |39 
Bh foie 53 <80 39 
oohoeeeee 6.4 235 |39 
saa 4.1 500-650 |39 
2.2 2.5-3.5 300-700 |20 
8.3 GAN OSS Ome 22zae) LIIOF hoes |) DSlOna (OrelOsa|) 1X108 |. Be. cere [oa7,) 
oe 9.3 Resp nade ye) LAMP? 
SAI nel SE Pane PIU ee oc onlasocsannal aa dose Reogouard| Poo. ie leopr oc nor 39 
8-9.5 7-8.2 300 40 
7.7 5.6-7.2 270 |40 
6:9-7-5\0\ndeerat lilehae 8 A-1. am 500 - |32, 40 
300 |40 


2-28 PROPERTIES OF MATERIALS 


Table 1. Properties of Solid: 
Physical Properties at 25° C 


Tens. | Comp. | Mod. Flex. Coef. | Ther. | Max. 


, Lin. | Cond. | Oper. | % H20 ‘ 
Density, Str., Str., of Stra ie Material 
AG lb lb Flas- Ib Ther. | per °C | Temp., | Absorp- (See text also) 


no ar +e 2 Exp. | <10~4 °C tion in 
em? in in at in per °C | (Note | (Note 24 Hr (Note C) 
X10 X10 x10 1078 | A) B) 


1.18-1.2 | 5.8-9 10-12.5| 0.3-0.5 | 12-14 70-90 46 62 <0.4 Methacrylate, cast, regular....... 
1,18-1.2 iD: Bliss Mee hal iasavareecteete SSDs alien epee cer 75 <0.4 & “ heat-resistant. 
<1.2 4-8 10-15 | 0.4-0.6 | 12-16 | 60-80 | 5-7 50-58 0.4-0.6 is molded, regular. ... 
<1.2 5-10 15-25 0.4 10-15 | 60-80 | 5-7 65? | 0.40.6 < g heat-resist- 
ant 
D163 Di A cress All cicero | Gece tena | axe oravews| create sie 12 S00) A ome ees Mica (muscovite)..............+- 
SI SEY) eos SORES (Poo BAO al IDRC Aneel meee Itoetae oe 12 S00) | ic erccncieuns SUS. A® clear’... hese ventaee 
2.6-3.2 12 500) Witancsnns Ss Indiaicleancn << serntr crete 
12 SOO PAS Areca ae & sstained 2... scoro.s-ava sia o-a/0/dteveinne 
12 TQ0O:E cs Scrrene “) t(Phlogopite)ae-ce ease 
DIS =9 4A Rhee ocore | ltasatererstorea i etermemiersia| ste etyeell  seeaohs- 5-8 P25. || ocak reconstructed plate......... 
SA AREA ER ||| 210 Seabcts cralliosvarsterevartl s terete tverell asestrecoterars 5-8 i EE eae RAS Se flexible. Aa 8aae sacceenmieee 
Ses ae 1.1 Blongation(650% 0 | an soe 2 .|le erveeteallt tates 150" ||'...2.....e ot INeoprene:GiNe: . sais.< cies eee 
1,06-1.19 | 40-50 |........ 1-169] ..de pannel see oeoel| ori lecraeae 1.52, | Nylon: * filament ...--«25.2eeee 
1.06-1.19 5-9 18 0.3-0.45} 12-15 | 100 |....... 120 1.5? ¢ molded {h.5212.8.,<:, aerate 
0:85-0:95 MUM el tants 65-90: Cll eres al eee tees,|| «reece sire heapovey ers eee osetia eae Ozokeritet i465 Erhdowk oat 
OLS=TOL Pe, See all eqcteeetatel tes esarensgabhigc aoe a eettall ager aes OVA i Nceverceaes alpen se char enave Paper, tkratt; dry a-hscei ete sisters 
0:87-0:91) |(Meltapt: S82 C Wil .yanctssclmene ee 130=400)|4-7-6.2 |. ote. cde Paraffin’ .2. Rees ecm 
0:86-0.88 | Melt. pt: 38-50% Gols. eecill ee nee eee |leic ore «eee 22-58. ence ciae ore Petrolatutth..icucomensee wanes 
1.3-1.36 9-15 35 0.4-2.0 | 16-24 | 17-25 | 5-8 |100-110 4-6 | Phenolic laminates, Grade X...... 
1.3-1.36 6-10 943 0.4-2.0 | 11-19 17-25 5-8 100-110 3-5 My 3 6 RIP Bent 
1.3-1.36 8-12 34 0.4-2.0 | 12-20 | 17-25 | 5-8 |100-110 | 1.3-2 « GS oR EXSXe 
1,3-1,36 6-10 25 0.4-2.0 | 12-20 | 17-25 | 5-8 |100-110 | 1.3-2 Gs -  D.O42 
1.3-1.36 6-8 32 0.4-2.0 | 12-18 | 17-25 | 5-8 {100-110 1-1.2 as Gs LE 9.0.0.6 
1,3-1.36 5-8 25 0.4-2.0 | 12-18 | 17-25 | 5-8 100-110 1-1.2 Ge ‘ fl EXEXOX 
1.3-1.36 | 7.5-12 | 35-44 |0.35-1.5 | 16-28 | 17-30 | 5-8 100-125 2-4.4 G G “| CARES 
1.3-1.36 | 65-10 | 34-38 |0.35-1.5 | 13-21 17-30 | 5-8 |100-125 | 1.2-1.8 & g «| CHAS. 
1,3-1.36 7-11 | 30-38 |0.35-1.5 | 15-28 | 17-30 | 5-8 |100-125 | 1.5-2.5 G ce ame i 
1.3-1.36 | 6.5-10 | 33-40 |0.35-1.5 | 15-28 | 17-30 | 5-8 |100-125 | 1.2-1.8 a oD es 
1.5-1.8 5-12 | 30-40 |0.35-1.5 | 10-20 | 17-25 }....... 150-200 | 1.0-1.5 Q ¢ SD AR ce 
1.5-1.8 7-18 | 35-44 |0.35-1.5 | 16-30 | 17-25 |....... 150-200 | 1.2-1.9 Gs & Cog AAs: 
1.4-1.6 14-19 | 42-47 LSU2 41:5 20225) Ne ce eeuaeren | eteeeenval ie eee 0.3-0.5 é Gs glass fabric.... 
1,2-1.3 6-9 25-30 | 0.7-1.0 | 11-17 | 25-60 | 8-12 125 | 0.05-0.2 “moldings, unfilled........ 
1,3-1.45 6-8 20-30 1-1.5 9-14 | 30-75 | 47 |135-148 | 0.5-1.6 3 ‘ wood flour, g.p. 
1.35 6-10 | 20-30 ] in| 30 5 135 1 e ‘g organic elec... . 
1.40-1.45 6-7.5 | 25-30 | 0.7-1.2 9-11 30-60 | 47 115 1-1.75 ts & chopped rag 
filled 
1.6-2.0 4-10 15-30 1-1.5 8-20 25-40 8-20 |150-200 | 0.05-0.2 | Phenolic moldings, heat-resistant 
asbestos filled 
1,8-2.0 >4.5 15-30 3.5? B= 12a taceen atelier tees: 135 |0.007-0.07| Phenolic moldings, mica filled. .... 
1.27-1.32 5-12 | 10-30 | 0.3-1.0 9-15 28 3-5 70 | 0.01-0.5 Sa mcastsurtilled. nr errs 
0.92 | 1.7-3.0 3 0.015 1.7. | 170-210 |6.2-8.1 | 75-80 | Nil-0.01 | Polyethylene.............-...e05 
TESS iND | Perret dl son access ont tig eel iarcaPact evel deacs uz che: | Beotesiorens 82 0.05 | Polydichlorostyrene.............. 
>1.05 5-9 |11.5-15 |0.16-0.47| >8-12 | 60-80 1.9 65 <0.1 Polystyrene, general purpose...... 
1.05-1.07 | >5 TAR 4 ote >8 60-80 1.9 65 <0.1 i best. elec... 95; sacnsee 
1.3-1.4 Bag oda tor dl Botoaaoe >8 60-80! |e kato. 75 <0.1 iy heat-resistant........ 
2.1-2.3 2-4.5 157, 0,06? 2 55 5.8 200 Nil Polytetrafluoroethylene........... 
2.3-2.5 5-6 45-60 7-15 10-11 3-6 | 25-50 1000 Nil Porcelain, unglazed, wet proc...... 
2.2-2.5 1-2 3QF50 8 lec desnrsere 6-8 3-4 | 25-50 1000 0.5-1.0 « : dry proc...... 
USS 6) BIE | Siete tee ball opstoneyaserasal[(cvaetan.aten'[larevegess tetas 4.5 90 High | Pressboard, untreated............ 
DEE erasers |i We ctaiettateretesers fy oevat-Norayaltevantemieras 4.5 Disalhcmcemee bd olled 4 Pines toeerie eee 
LP ee area nao ee cS boca eal cnn onhol erator 4.5 DO) e aes. eee « varnished............ 
2.4 5 45.5) RRR, 3. Lit |) eae. 2 12a, | Era: 0.025; F)|\Prestiter®! a# .cmehee ck. Shen ne 
2.2 7.0 | 200.0 10515 |S eatemre < 0.57 36 1000 Nil Quartz, fused....J.2..0.seuscnaas 
1,079) |-Melt:;pt:70=100%'C< o.oo” /OE Been. alli sonnwieni| ese pereeeya ie eter | saree eet Rosin’ ane. sess neues aeons 
1.1-1.4 | 1.5-10 2-5 0133 ilrtaavcsios 70-85 |3.8-8.7 | <65 | 0.03-0.08] Rubber, hard.................-- 
OLDUS }OLTS=0:35| Sc ioete reds | ec oce ook pecan 670 yi9 Prccretcsil Inco ene 2-4 “natural, unvulcanized. . .. 
WO) fall Ms 0 40 ee ANAS S [so tnceed monccoo. 660 3-3.) Rane 2-4 Ee “ -vuleanized....... 
ie Cee eee era ee ed ie eee cee ro ae ise ood Sawin a S «60% zinc oxide. . 
* Trademark names, 
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Dielectric Materials—Continued 
Electrical Properties at 25° C 


Dielectric Constant} Power Factor % Volume Resistivity Surface Resistivity, Dielectric Strength 
(Note D) (Note D) (Note E) ohms at 20-25° C (Note F) | 
| are WA 5) Refers 
- a ence, 
ieee rea, Okaten Temp. Relative Humidity Thick- See 
less than a am less than poe e at ae ness, ee page 2-32 
2ke 2ke 20-25°C | apeq | 30% | 50% | 90% | mils | = ™ 
<4 <3 6-7 1.5-4.0 SSO esa re cnenell teense |oceicorene >10!2 | 125 500 |40 
<4 <3 <7 <4 Sa (an vet R SAMA e SLi Aen lee a Dee oA 40 
<4 <3 38-7 1.5-4 SOEs we listed ecrstantessedl teenies ore | ea 125 500 |40 
<4 <3 7/ <4 SH (OS | es aaah | Maen oman 5 lA scr Aer MRA Rea waradl Ren tee te A 40 
CS PE ees Saas OHEZO MR eakxe 1.31014] 2.0 | 1><10!4 2><101%} 8x109].......].......0. 1,7, 12,16 
21017 
eo ce SERCO Ie oo cose ot OUEOO 86 sednncebllbcadaosllasenaasan bcdecccuslbocanchodly LE NniESr iii 
= TOT=7.90 | erceerra 0 O1S0:02 || tscebexsre illic scl beiserocerellcercomacel| Seater mee Ma =IIE |(1300-4200)14 
ee 5183-9.64)| ne. eee O68 36llon mas 2.7 | 1.51022} 11019] 9107] 1-11 |1300-4100|1, 14 
ex. fh: 541610 7A eee nel O!38=7212 |, 4:5 SORA ||. 2s scien eneclise sce oeelecese cee lmal=I1 |150025000| 12714 
2x 1018 
Beye io PAA ell Roma ener |KOSDS=OS2i 10 a2 SCLOR Mo crera aa -tevatasercte tel ecorere crete Mretaeete tePa | ake 950 |39 
_oaredint an Esa eae « Mn NS Se eee Ie Siete aM |e ere vet aetna eA ace eee ween 6 600 |39 
B3Iwllat...aerd (Se Ce Sees A DSCTOL AG ac yoeL cinco ie aticesieh tl aC NO | RNG | Cote. ora 40 
Acoanl eremo er 2 Teale eos (LOS taal eerie (he eect MBER rnd Pon arto lan emer era AAS. 39 
3.2-4.5 | 3.3-4 1.0-2 2.2-2.5 TOE Sie cis a4 lh eacecll Somenteee 2101) 125 400 |32, 40 
DAA ees 3 O92 lee cercec. BSG | eee | wale Remeee | emecemsie le araricre enc 25 1100 {12 
3 Sime see ala siees 5a |e Pars sieeve eee ce Mitrasserterdl cere nvsallinciazmcret | ae eee Oem 6 | 750-1000] 12 
DD 2.2 0.03 0.02 SIE! aso onr SSSA" eaaooudon SHR ee canoalbadanabe 1,5, 12 
2 Di avatess wit 0329-0 Sig ler nan doc 2x10? Stee cal chases uasreral| Sa soe Me eee 100 500 10, 12 
10 
IA | tr Ra ened ET Oe. Fo Renee sod. 2, 5 ll oteree Siders | simaaeinision| sea mora ae 62 | 500-700 |40, 41 
ncotntent | Leseseetincese Diab cathe ae sie Meelis | ge Som eieter on Mesh | ser etmerate Imeem rel tir! ake 62 500-700 |40, 41 
cen. 47-5 Sula nea lee G-4ibml|) TOLOS1O2S) |) A. J Meats. eeciele «| DO><10% 10762:8 9] 500=700) |40/ 41 
SRS ATA SIS al ee viet | RESIS H Ae Dall? chee cee sxe: Cisioccenreschcas [Scio atkat [cereal ©(O2-mim [8500270014054 
Gee 4.5-5.2 5.0 ZO235 Tal ts Mell. oleacalbcecteecl abba acahsomaeect sii 02° 4(150026501|40541 
ote ADB \eccomacal) LEER lhe Sobel s ool kawmeallsaeemseseee IpSocoudesl le me pe UUr | lea? 500-650 |40, 41 
Be eat 7 facies e05| 1010 [CORO eee celaseoansuleocancuod! Shi 200 40, 41 
oes 526 en Meee 456. Sill 10810221 Ih nse lcciasciceal cesses |saasaectap wO2 8 1lp40055001/4041 
Pees tte 7 een | 10 TOSS1OL2 Aes |e en ora ate | eee eee Oe 200 |40, 41 
Cee 4.5-5.5 12.0 REGIS We TOP SIOZ ee sais cceeee|b cece eras s[l1e85¢102 || «:62.< -1||400=500) 40841 
EEN | ree near cM re ah hep ese (isos feral a nreremeinal| Seatac | aaaloawes 125 110-225 |40, 41 
Re hosed nortan 7.5 15 Cd Fe ee Be | ee eel deen ted Nee ener terme ee HPP) 50-150 140, 41 
jee BEA Mlle a ae, el LOO— INS r ecco a le ee | PROS AMe sco Matac ste eaenekO2e Jl 500=6005139 
5-7 45-6 5-10 1,5-3.0 LOL2M ||. Wea es|| See). eee. | Bae 125 300 |40 
5-12 | 4.5-8 435 3.5-9 LOS Saeal | ANS | eee ae al: Bs A eed: 125 | 200-350 |40 
6.25 55 73 43 HOLD a |e tee ces Sk Ee tere 2 125 550 |40 
5-10 | 4.5-6.5 8-20 5-10 [pes |e ee Heese, Honnones 2.4108 | 125 400 |40 
5-20 | 4.5-20 10-18 4-10 LOPSTOLEN ee hear tt se as| sesie ates 1.61019 125 300-600 |40 
6max. | 4.5-5 OS | CO PAPS. || TOM ies ||Sonndrnl agosomeed||ppoooonod 1081019 125 550 |40 
5-10 5-7, 2.5-20 TO=4IS HE OP R LOU ee ae otto att ateeteleact [ome tnas 125 350-450 |40 
2.3 2.3 |.0.03-0.05| 0.03-0.05 | 1045-1017 |....... 102 2e | See eee 1.71019} 62  |1000-1100]39 
epee 2: Obeniite eaves NOVO lees ae ooan ord lh eae Seo neestral aemonnones IEP Se ee oul eone anon dees 
2.5-2.75| 2.5-2.75 | 0.01-0.05 | 0.02-0.1 TOnO Mckee ual cteeees| ete 2.41019} 125 >450 140 
2.5-2.7 | 2.5-2.7 | 0.01-0.04 |0.016-0.04 | 10!7-10!9 |.......]......... >1017 | >1013 | 125 | 500-700 |40 
2.6-2.8 | 2.6-2.8 |0.04-0.3 | 0.02-0.1 ESC] (1 eee ee cee: ba bbb andere kere. nsee 125 400. |40 
2.0 2.0 <0.02 | <0.02 HOLS Te Me aultnccommney cates ..| >1013 | 80 480 |39 
6-7 6-7 1.0-2.5 | 0.8-1.0 1014 1.6 | 21013} 6x10!4) 5><108 | 250 250 |, 12, 13 
6-7.5 Cn7 Sia Zao O le O Sat Ola) TOSSIO22 EA ee ihe ce crmntl| ss cmscstaress|aeate sa oe 250 40-100 |19, 39 
PEAS EP [ccs fost oie ecaescsosart TSSOP SEs ic jaca ln steronas coe eee ee ae 80-120} 125-300 |12 
EO mae | eee ke | eUereD UE ee cheers Oh cea TE maa b tlio cevsomoiei nc ed neues 60 750 11 
BNO eee een eles ee ars, eM, Fe OE Ht DR eC esarateccemnssel| uncle aiereiel nat anv atetans 60 400 |11 
7.65 6.08 2.76 0.9 GSAT aeons ORES arn tree | Mico csrede'lborrsctaell ac tees oct 39 
+e BD cia ers scsi x 0.02 >5x1028}.......} 1><1015) 31017] 2><108 | 500 200 |1, 9, 13 
| 2.73 | 3.3-4.7 0.287 | 0.25-0.4 5x10 316 |, 841014) 5< 10241), 25C 1014 | eediepl| oe hecretcoie 1,8 
| 5x10 
: 2.8-3.5 3 0.4-0.5 | 0.6-2.1 (saan 6x1015} 31015} 2x109| 80 250-900 |1, 4, 5, 12 
De maty | GES WOES Ml UTE. ol A (Ret ONE 8 Ja dl eoradssck-a| bBcbedid Boeessor el aboors | ieauone 6 
~ 2.4-2.9 | 2,4-2.7 0.4 0.4 [eef ll Ses all aaceraisl boca hora tA ites) comet 500-700 |6 
S01 = eaedeone OS ly tmer dies SSSA Le Neeernenes | mene Treeret tellers craters [wetter ctavasers Niccicenpy Snell idgehaaeye bas 6 


2-30 PROPERTIES OF MATERIALS 


Table 1. Properties of Solid 
Physical Properties at 25° C 
Tens. | Comp. | Mod. Flex. Coef. Ther. | Max. 
“Density, Str., Str., of Str., Lin. Gong set. ae H20 Material 
gm Ib Elas- Ib Ther. | per SSA Rees Sa (ncaa (See text also) 
— aT} =m) Ret FER Exp. ~< 10 C tion in (Note C) 
em$ ms is Wek m., | per °C | (Note | (Note | 24 Hr 
x103 | x108 | X10" | x10% | ig-6 | A) B) 

DOR | Wier A PR ease hs [leusetedtieserell exainas 9); | Re || oo Rubber, natural, 20% carbon’black 
ods 2 et S050 elongation 200%). ilisieieisocieh|iaenaeset BO i aterouste wae “wire insulation, Code ..... 
Se ae >1.2 Elongation >400% Adadeeute Masons 60 acy Bek “ € Perform- 

ance 
Reta OO & >1.5 Elongation >400% Bones al Saccadc 75 |.........| Rubber, wire insulation, heat- 
resistant 
Bagster © >1.5 Elongation >450% ease See etal 70 |.........| Rubber, wire insulation, low water 
absorption 
srareiras Meters >1.5 Elongation >450% SeeeteElloesee 70 |.........| Rubber, wire insulation, low power 
factor 
0.94-0.98 | 1.5-3.2 Elongation 400-650% = |........]....... 12031402) 5.55.58 Rubber, synthetic, Buna S, gum 
stock 
0.96-1.03 2-4.5 Elongation 400-800% = j..........J....... 12Z0=140R)). t Seance Rubber, synthetic, Buna N, gum 
stock 
0.91 3\) eat longation COU von a uma p Malate cir lnercoie Cot es eae Rubber, synthetic, butyl, gum 
stock 
0.91 0.3-1.5 Elongation 600-1000% |........]....... 60: | ase See Rubber, synthetic, polyisobutylene, 
gum stock 
1.24 1.6-1.75 Elongation 400-435% —s_ J.........]....... LEIA von ots Rubber, synthetic, Neoprene, gum 
stock 
1.34-1.6 | 0.8-1.4 Elongation 350-600% = |........]....... OO Mh tecienire Rubber, synthetic, polysulfide, gum 
i stock 
ok OLY) [ie anno moh Seal eee d eoeemery nasa areal har omrr <5u <0.1 | Rubber, synthetic, cyclicized natu- 
rr ral rubber 
1.65-1.75 4-6 7.5-10 |0.04-0.24| 15-17 | 160-190 2.2 | 70-90 00=0:15|(Saran,* molded ),c.0.0. «.4<haanen 
HOOD! Nleltapt: 45-279 — Coo cr ince erelacetare oe |icieteictetesole G0) tyseraeeoni|'s cet eae Shellac. 5 ac fhe see. jan aerate 
1.1-2.7. | 0.9-2.0 7 WS eoeed EAE oseeee [nae See 40-60 <0.25 = Weompoundirar. 1- nace 
BABE Das ocblle.conteral ite > Oar Gls UE aaeren 28-30) Ol ce ee rs Pea werene 150-200 | <0.3 Silicone glass laminate........... 
SE Sh. tN ceaens Sill ekszasciaaaitl  arsteveicto.ste | sa@netec incl acadaente E75 ch tener Sse varnish. $0. dan eenee 
PF ERE | SE eters al icza edie el |joyeanauodss « 2) eeacovererse neve rouPobe ell aevermar ct Ly Si NE Sar ae “varnished glass cloth...... 
O!SS= 100 | Mic sel co tees teense ee) eve oratarare silatotsneeaneil anetevaart 200TH). Se eke “sealing compound........ 
0.968209 73 | Peak tell cco ets 5 |kcisiay ye: cha-e'| ete :sy ares 8 Cseanees coe Misr assroy ayeell eS clls eeevaetton S . « « fluid ashe teeta eee 
15 =2/OMNROP2050 331 eee aebe rail aerarsynscrove | aerate ara cillcnsateeisiesssa | tiver visti | eA | cee oe “~~ rubber (Silastic *)........ 
2.6-3.3 3.5-10 10-14.2) 8 >8 10.5-20 48 {120-200 0.2 Slater sc.3-004 4.) een eee 
2.5-2.6 | 6.5-10 65-90 13-15 18-24 | 6,5-8.5 60  |980-1000| Nil-0.1 | Steatite ceramics, regular......... 
2.5-2.8 | 65-10 | 65-90 | 13-15 | 18-24 | 65-85 60 |980-1000] Nil-0.1 s a low loss. ....... 
0.95097) |} CaN 2 We ee a ncsisssrasued| caceere sss 180-220 4.32| 60-90 0:2-0°5"| Styraloya* 224), saree eee ae 
1.36 53) in| 0.33 (5 Jnl ae nal | Pace 80 0:051--|Styramic’*...) -2.edaes otceeee 
USSR ior rteers-csoqlleterecars antl etacers oe cil Pat's taste arse ccreps |Pancecaie 110 0.03 & HT 
2.0=2:1ey (iMeltapts 12:82 C) esd, bs| oases 64 7 O55 OR) 5.252 SulfuritO)ocuit dn eee 
sia cheat ote 1.2 WSU Galt scaey erase cil scsr=tescvs ail srereters elvie| to erarcie a ZOO TS esccstays Tegititns tremens aa eeceete 
Titanium ceramics: 
3.9-4.05 5-7.5 | 80-100) 15 18-20 28 all ercesacs 300 Nil Titanium dioxide............... 
Scho oicid Rete AH aes tACARATS fol ow ae, I [Veraees arama |v elevevelarscll enero Meine <i| bnavesde specail Rete eee eT ee Barium ‘titanate... ....)...0cser+ 
Cr) { abllnteagecal namaste cl ho icon tad oemendicl Dp | Eocene ee CR eelee se TT. Calcium titanate............... 
3-3.6 455 40-80 Phi. 16-19 b= eel ape ae 300 Nil Magnesium titanate............ 
ia tararoke Ate (Mee team ell oveeaeete, etal {POP Revere: ore || tarpon sre] (ees tea oll oe eer | ea Strontium titanate............. 
1,45-1.6 6-10 | 2430 | 1.2-1.5 | >10 25-30 7 77 1-3 | Urea formaldehyde, cellulose filled. 
<1.55 >6 S24) Bata 9 vs Wiles cece lia: 77 1-3 & & arc resistant. . 
OTs Sa te hese |) POR goals ns Rete roll aya a. «| Sa oc | eee ee a oa Varnish, insulating............... 
1.24 | Tens. str.40 lb. perin. width  |........ 5.0 S50). as ee Varnished cloth, yellow........... 
1.26 | Tens. str. 40 lb. perin. width —s |... 6.0 Ut lea Soot ae A jie» black. .& Sear 
Vinyl plastics: 
1.26 D-O5 NN ae VA eect cron as toces| Ree 5.0 100 | Attacked} Polyvinyl aleohol............... 
1,05-1.5 D7 eetecve gs etal core seater | caeeererat: 150: or B eee 60 <3.0 te butyral®..0.4. eee ce 
AAO cn ae dal ro TOhan| PAP odoe Rien onOpnl EAA aaeel a son6 Galroooetallacd onawAlleeee oto.4- a Carbazole:-.manceckne 
Rees ses SV A Was, areal OE 246 on SENG 2c) PROD -.eee..| 70-100 1.3 ¢ formalei sacle 
1.22-1.65 ee a aterstes syste | Sree. stereo | Sy rere eee cee ee ca. 4.0 | 60-80 0.4-1.0 & chloride, filled, non-rigid 
Vinyl chloride-acetate: 
132=1 3600 s>Sima lls. ccane ct >0.38 | >13 69 4.0 45 <0.15 Clear sheets: ).n56.... 0he8.% 
1.4-1-55) WOM IIe ce 4 0:36 Holl leer ercr bees 47 <0.15 Sheets 


* Trademark name. 
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Dielectric Materials—Continued 
Electrical Properties at 25° C 
a ed ee 


Dielectric Constant | Power Factor % Volume Resistivity Surface Resistivity, Dielectric Strength 
(Note D) (Note D) (Note E) ohms at 20-25° C (Note F) Ref 
SESS ss eler- 
Temp. Relative Humidity ; ence, 
. ok ee Spore = Coef. iiiox Volts See 
2000 k: 2000 k ness, +1 | page 2-32 
2ke ol 2ke © | 20-25°C Pree 30% | 50% | 90% | mils | Per mil |P% 
Por a ee OL ee ee a Lie ten aan 
45-610) |5- seteicte 5.07.0 sia.8 lee ey- Sy dle Sve Beasesacl apes e aaalecees Peed a come 375-425 |28, 39 
By O-6.Ol eens. 4:06, Ouillang hese ern, SP peal | BAC I| S ee, seal ew ook | le araee Alek oe 450-550 |28, 39 
DO=6/0) ese: 4,06 On lee ects E> DO IO LEI 2:4 o| Mees ayaa lcmeevteicel | oactcisrsiea® | Mere ior 450-550 |28, 39 
7523.0) ile cco at: O61 Ballina een. S53: XA10 LS | ey. te sail Neve vospates | arce messi Revec deat meio 600-700 |39 
Dy KES aA aS OMS= [Sahat SS 2:70 LO ear cee | Gece tecr ee lee melee cee ee | eel see eee 39 
hy SCE as De Zincalllnee te tisee TOES TOLER astray: | covert veres-orn dl tase corel comer 750 |40 
14195 Wi veoek aise 38-010 lee. saee TOS 101 || PE bP Reel eae a ye | ree Bons ae 500 |40 
Dhl eae ated: O:04F RE secunys HOLE lM Saabs te esetasies | seria aad ar byarte Alec SINS IAS pea 40 
Ty EO NSS seceee 0102-005: eease tee OLS 1 O25) Pee em xl ac Se racsh | eesaccmral eek aes ere | ser 400-500 |40 
7iSaPla Me oes. 3) ea. NES Se | apleren ® atirs |S yeast arth agile ant cizssal|Aaeapte ane| ¢Maw. ll bese eae 40 
Tisha | Meera SOS pel ee SEES es tee acetal teed | soe, Retthaya dare sete alone her aes | evel eerneyr 40 
eee 216-2 Tal ee eeeers|| 0106-0112 LOLS | Se: Wee | Soe od cee Mead bal sce reracaral Moers 620 |40 
46 3-33 3-8 PEASY ATU eR Ne oe taal eobeas i eeeeereen (U2) >350 |28, 39 
3-3.7 4.1 0.81 2D 1x10 1.5 | 2x10!4) 51012} 610°] 0.8 900 /|1, 7, 8, 12 
Re ae Ale path cea ye alt eee ch SSS Ne) ellbsceacnsell SDAIN EBscccacnali 00 200 |40 
2.31014 
pe eae epee «(Nites 64% FOS dy I Nie AL | Rll gee all ae | eee SO) 
B-Si5 yl Aree 0:7: Fabs | eee 2 erp etee || e E e Sotee | he once bal poreep unt aie eens ec Pacers 39 
ae | ae Pe 030 Fin | eee epee he Net ere Laclede De ace saya 7 |1500-2000|39 
2.8 2.8 | 0.05-0.07 O:05iael| MI GES 10a sell ee rser'| niece teal taeencee 10 500 |39 
2.4-2.85| 2.4-2.82 0.01 | 0.02-0.06 10 ca Bore | Sacvceer cen lumens cy tall cement 100 | 250-300 |39 
SS: 7 ad | emeee -r3| CO: 130.08) | epee ges ele SSR Lene intaeneteet|| SOLS ielligeryeck: 500 |39 
6-7.5 | <30 8.6 | <63 11035 nepee ee 2x108 | 9108 | 1106 | 1000 5-10 |1, 5, 6, 12 
52655 tH t6.5u | ON13=0:3iel OE 0: 2er HOM = 1018 Ih at iawn Seeman oaiinevee. >109 | 250 200-250 |39 
p65 mle 5= 6.5m 0504-01) | 1022102” |e asnceac|cees anne >6x108 | 250 200-250 |39 
2.5-2.6 | 2.4-2.6 |0.07-0.12| 0.05-0.15 1020) | PEE RE NS: Aa Se ye 125 700-800 |39 
2.55 2.5 |0.11-0.26 0:04 818%. 8 Val hacetest| etl lynne | era IPE sce 800 |40 
Ree Sed 26D \wisrrataly O02 eri Seyret ees Oe. Sealers g, ste eee OLOETOLS| ee c.f, | 4, epeeeeers (33. 
3.6-4.22 CHP ll ree aemeAd Roeeadmnoe WTO 40 151025) 75<10 15) Talisq1OL5| eels eee 1, 16 
BP CRE deere ts a mew. doa 21012) 1.4 | 2><10!4)....2....] 5X107]........ 50 |1, 12 
Bet ects. SOLTO0) | vreees -21110:04£0.07/ | OLF= 1022/8 nae...) Miveckiets| stencil Se neseee| 250 100-200 |37, 39 
Be ccs: 1200 Beomone eels jo SANAE arta wet || eno} IN| RSet [SARs tt | oe MRT Bn ee rete: 
janeoeee 165) ei eee ie len <cOat Se proer tl Ob hopes [iid chet eee hese PRR Sse ME, Aromveel [B77 
Be cout 14=18 Sa 2. Sees 00076 mers 102 | een beers ss. eae ee tg er tes tes 250 100-200 |37 
 Oppeae 275 fe ae es ECON eS Me Ta of iio «AN hy BRAN Sel ae Rested, txt. 37 
7.5-9.5 | 6.6-8.2 46 2.7-4.6 | 1042-1018 |....... 1051082 eet. 125 300-720 |40 
7.5-9.5 | <82 <10 <4.0 ST ae lle oe eee beeen tcl eas aare Gener seas 125 300-720 |40 
ee CWT hl ice, Os BUT Da | kite oa lace, eel a SGT OSS meats 1022 aaah <1 0% I 700-1000|5  * 
45-55 25 8 3.0 10° Gren PAAR. Bare AM, Alergy 10 | 900-1200)2, 3, 11] 
| 4.5-5.5 2.0 6 Pe ecb bcecade|lvesonnd|pcoopersalecoooue pal pocdoons. 10 | 800-1100)2, 3, 11) 
k 
ee PRET ER AEE Bos arctan Seep ores ae a Fl emer rarer. OG Allis e ascii Baten Mescoect tae eriaanis 40 
3.6-3.7 | 3.33.5 (3 dadibenhaemeen Nea creer as] crorserertreie late gc cha or lioisaace Susser 300-400 |40 
rn 298 Ave FES oe i lege not eoobac occ OPeceiad ApEeeec nceeeerl meeGcocdrl (1 
3.8 3.7 0.7 0.9 [CA ae bere aes A*Paw Comp sam tots me Lhe 500-700 |40 
R412 |e ee. FROOL| hee Mee Elser erees | cet loss ees boots. |v nds 75 | 600-2000]40 
32-35 | 333} <13 | <19 S10 seals. coo: (rendre dal analéete 41010] 125 600 |40 
3.2-3.5 3-33 | <13 <1.9 S10 hia een treme es. Wit lwekd ee Beats 400 |40 


2-32 PROPERTIES OF MATERIALS 


Table 1. Properties of Solid 
Physical Properties at 25° C 


Tens. | Comp. | Mod. Flex. Coef. | Ther. | Max. 


Density, Str., Str., of Str., Lin. Cond. Oper. | % H20 Material 
gm || lb Ib Elas- Ib Ther. | per’ || Temp... | Absorp- (See text also) 
<= as a ticit 5 Exp. |<1074] °C tion in (Note C) 
om 2. 3 ADs 3 x<10° Le 3 | per °C | (Note | (Note 24 Hr 
x10 x10 x10 x10-6 | A) B) 
Vinyl chloride-acetate (Contd.) 
1.30-1.35 | >7.5 9-12 |0.35-0.4 12-13 | 69 4 45 <0.15 Transparent, molded......... 
1,3-1.4 >4 SORE Rene Y Pos | Aaa | aera is ahead 45 <0.15 Molded. ae tctrtieenieteenim 
1.3-1.4 >5 S12 1035-0185), 812) le sencco elas 47 <0.'5 Opaque molded....... Se ate 
1.15-1.29 [hae all ieee dll acdorteaeins| ekarncraatl nel ceyeputtal (tier creck 60-70 0.3-0.7 Nonerigidavsn nce ances nee 
NSO S1¢453| oTe7—3:0) || perme tee he Peeemen L soc stare ailauiaravne lenmenens 60-70 0.5-0.9 Filled, non-rigid.............. 
1.68-1.75 4-6 9-10 |0.08-0.17} 15-17 | 190 2.2 | 70-90 0.1 |Vinylidene chloride............... 
0.62-0.75 0.77 68:6) |!.ck nen. 7.0 6:4: H14-3=10;4 | Revco al ieee tateete Wood, maple, Nard sonny hse 
Re oboniinc hae neni Ineo Gees [Ro anOal omer tincread natural Bichon (™ jparatined'. ce 
0.69-0.96 0.77 CE72R tae 13.0 4.9 5B eterdl castiocasnsres © Bg OGK cS eteiteiein, x, Rexcace ool aetees 
oy 12.7 Uae tere cece 25 4.9 120 1000 Nil Zircon porcelain. $.........002006 


Note A. Thermal conductivity is expressed in 10-4 X gram-calories per square centimeter per 
second for a temperature gradient of 1 deg cent per centimeter. The values are typical for the tempera- 
ture range 0 to 100 deg cent. The temperature gradient is perpendicular to the laminations of laminar 
materials. 

Note B. Maximum operating temperatures given are based on satisfactory operation under average 
conditions without excessive cold flow, distortion, or shortening of the operating life of the material. 
In many cases it will be necessary to reduce the operating temperature in order to obtain electrical 
properties or to reduce cold flow at higher unit stresses. In some cases higher operating temperatures 
may be used, particularly where the material can be obtained in special grades for this purpose. If 
thermal shock is involved the limit for many materials, especially the ceramics, will be much reduced. 

Note C. Most of the materials listed are intended to be representative of a class rather than of a 
single sample, and the ranges of values should be interpreted accordingly. Since complete mechanical 
and electrical data seldom are available for a single sample or batch, and since data have been assem- 
bled from many sources, it is necessary to exercise good judgment in comparing the various materials. 
Values for laminated phenolic materials are those for sheets; properties of tubes are somewhat 
poorer. 

Note D. Where possible, the ranges of dielectric constant and power factor include the variations 
to be expected over the indicated frequency ranges, although most of the values up to 2 ke are for 60 
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Dielectric Materials—Concluded 
Electrical Properties at 25° C 


Dielectric Constant Power Factor % Volume Resistivity Surface Resistivity, Dielectric Strength 
(Note D) (Note D) (Note E) ohms at 20-25° C (Note F) Refer 
2 * a5. bd ence, 
; oat 300 to a 300 to Ohm-cm oe 4 peeve Bimmdicy Thick- Volts See 
ess than ess than at i ness, . age 2-32 
ze LC frie) BE 1 eS ae 30% (50% | 90% —-] -mila + 2 al! ee 
3.2-3.5 3-4.0 1-4 1.8 SSO San OE te eee | eepreceacee [hentia 125 >600 |40 
RPE or reins cal cress ll tae oe cts alien S10 aaltepet eeae | 125) >650 |40 
4.7 4 4-4.8 1-3 Ba NEI IRs i [apse Zain Aa OAM a oe Dae ddl Inn 40 
ON re ochre lack tent ssloncimh ce. Sloman atc tee eee nt leeee eee O75 >400 |40 
(LG tipel egy ele tnd (Albin ad Pare 1OA=10S Seige lees terceran teen meee 75 >400 |40 
35.1 3-4 3-8 3-6.5 SO temic alte eee | eamee ee | Cree. ae 125 | 350-2000/40 
oes LW Varn Led, ated EDL babes oh Sil | termite | eae teen acral nen wt beret pa en (A 
ZAI oll kan? eat alba be INR 3x10! 3.6 | 11042} 8x10!) 2109} 600 110 = |1, 12 
3.64-6.84 EYE Trt betes bread BE toieg bee tart cece IR i bc) as d Ue arsed beg Ri Dace My a ee Me ores 3, 16 
Ae ela wh. een OU Smee cand] OLsa glee tates Pacer reeal Sater clans ee 250 240 |36 


cycles or 1 ke, and most of the values in the higher frequency ranges are for 1 Me. For good insulating 
materials, the dielectric constant does not change greatly at higher frequencies, but the power factor 
may rise or fall considerably. An auxiliary table of power factors, following the main table, gives data 
for some substances. 

Note E. Volume resistivity has a large negative temperature coefficient. The values shown for 
temperature coefficient are the ratio of the resistivity at 20 deg cent to the resistivity at 30 deg cent. 
It should be remembered that at higher operating temperatures the order of merit of any two materials 
may be reversed. Furthermore, the volume resistivity may be seriously reduced by prolonged exposure 
to high humidities. 

Note F. Dielectric strength given is for the short-time test at 60 cycles except in the case of the 
ceramics, where it is given for the step-by-step method. Only those values for the same thickness are 
directly comparable. Where two thicknesses are given, the higher dielectric strength applies to the 
lower thickness. The dielectric strength will be much less at higher temperatures or for long times 
(see discussion of dielectric strength). In the case of laminated materials, the electric field is perpendicu- 
lar to the laminations; dielectric strength with the field parallel to the laminations may be very low. 

Note G. For all wood the tensile strength and flexural strength are given for forces perpendicular 
to the grain, the compressive strength for forces parallel to the grain. Under Thermal Conductivity, 
the first figure is perpendicular, the second parallel, to the grain. 
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Auxiliary Table. 


(Approximate representative values) 


PROPERTIES OF MATERIALS 


Power Factor of Insulating Materials at High Frequencies 


Frequency 
Material 

60 cycles lke 1 Mc 10 Me 100 Me a peg 
Quartz tusedien nce per aecieeiil oor wera 0.0002 0.0002 | 0.0002 0.0002 0.0001 | 0.0001 
Polytetrafluoroethylene...... 0.0002 0002 . 0002 . 0002 0002 . 0002 004 
Mica (muscovite)........... 00024 00024 0002 0002 0002 S000 2H Aarcea: 
Wasanimneral (best)icteuerecee nfm ts . 0003 . 0002 . 0002 0002 0002 0003 
Polystyrene (best).......... . 0002 . 0002 . 0002 . 0002 . 0003 . 0004 0004 
Polvetbyleneserns cece ee ciere .0005 .0005 . 0003 . 0003 0003 . 0004 0004 
Steatiterspecial..c0. cc sees SOOTA ee traee. . 0004 00035 OO0S5 5 eee ae 0014 
Polychlorostyrene........... . 0004 . 0004 SQOO Ap a5 habs cllereroc te attr . 0005 0005 
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ADDITIONAL INFORMATION ON SOLID DIELECTRIC MATERIALS. 


Acrylic Resins and Acrylates. Designations used for thermoplastic polymers derived from acrylic 
acid (CH2z : CHCOOH), methacrylic acid [CH2 : C(CH3)COOH], or allied materials. The most impor- 
tant are the methyl methacrylates, q.v. Acrylics may be vulcanized to reduce thermoplasticity. 

Alkyd Resins. Resins derived from reaction of polybasic acids with polybasic alcohols, glycerol 
and phthalic anhydride being the principal materials in use. They are used chiefly for varnishes and 
other coatings. Trade name: Glyptal. 

Allyl Resins. A group of plastics derived from allyl aleohol (CH2 : CHCH2OH). The resins are 
marketed in the form of cast transparent sheets and rods, and in the form of liquid monomers which 
are polymerized with the aid of a peroxide catalyst and heat, but no gases or vapors are emitted. The 
resin is thermosetting in nature with good electrical properties which are maintained at elevated tem- 
peratures. Index of refraction, np, is 1.49 to 1.51. Light transmission is over 91 per cent. Specifica- 
tions: ASTM D819. Trade names: Allymer, MR Resins, Kriston. 

Allymer * CR-39 et al. Pittsburgh Plate Glass Co. Allyl resins. 

Alsimag.* American Lava Corp. Steatite, cordierite, and other ceramic bodies. 

Alvar.* Shawinigan Products Corp. Polyvinyl acetal resin. 

Amber. Yellow or orange fossil resin found on the shore of the Baltic Sea. 
sistance makes it an excellent insulator for electrometers. 

Amphenol * 912. American Phenolic Corp. Polystyrene sheet, rod, and tubes. 

Amphenol * 912B. American Phenolic Corp. Methacrylate sheet, rod, and tubes. 

Aniline-formaldehyde Resins. Derived from aniline and formaldehyde and fabricated by casting 
and very limited molding under heat and pressure. The resin is but slightly thermoplastic, and parts 
are usually made by machining sheet or rod stock. Color is reddish brown. Insulation resistance is 
high and dielectric losses are low over a wide frequency band. Trade names: Dilectene, Cibanite. 


High insulation re- 


Armite.* Spaulding Fibre Co. Thin vulcanized fiber (fish paper). 
Aroclors.* Monsanto Chemical Co. Chlorinated diphenyl resins and oils. 
Asbestos. A hydrated magnesium silicate mineral in fibrous form. Two distinct groups of min- 


erals are described as asbestos: amphibole, or hornblende asbestos, in various subgroups, most of which 
contain iron and have harsh and springy fibers, relatively weak and non-flexible; and serpentine as- 
bestos, the principal subgroup consisting of chrysotile, so-called Canadian asbestos, which has soft, 
fine, strong fibers, suitable for manufacture of asbestos textiles. Chrysotile asbestos is stable up to 
temperatures of 400 to 500 deg cent and may be useful at still higher temperatures. It is not a par- 
ticularly good electrical insulator and has very high losses when moist but is valued chiefly for its fire 
resistance and its heat resistance. Asbestos products should not be allowed to come into contact with 
fine wires since corrosion may result. 
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Asbestos Paper. Made by felting asbestos fibers, often with some rag fibers for additional strength. 
It is employed normally only as a flame barrier or for heat insulation and should not be depended upon 
for electrical insulation. 

Asbestos Textiles. May contain up to 6 per cent total iron content and as much as 2 per cent 
iron in a magnetic form. A higher grade known as ‘“‘non-ferrous,” containing less than 1.75 per cent 
total iron and less than 0,75 per cent magnetic iron, is available. Non-impregnated asbestos products 
are extremely hygroscopic. In order to avoid absorption of moisture, the products often are treated 
with varnishes or oils, but impregnation reduces the maximum operating temperature sharply. 

Asbestos Wood. Asbestos combined with Portland cement to form dense sheets (Transite). Also 
combined with magnesia and cement in an insulating board impregnated with a black insulating 
compound (ebony asbestos wood). 

Asbestos Ebony.* Johns-Manville Co. Asbestos fiber and binding cement impregnated with 
compound. 

Asphalts, Natural. Native asphalts are roughly divided into relatively pure deposits containing 
less than 10 per cent mineral matter and those containing a large amount of mineral matter. Both 
types of deposit contain water, but in the latter group the water is often in emulsified form. The 
water content may be as high as 40 per cent. It is very difficult to separate any but the largest particles 
of mineral matter by heating. Asphalt is used for potting and impregnating compounds, in the manu- 
facture of varnishes and japans, and for the insulating covering of cables. It is closely related to petro- 
leum asphalt and asphaltites, which are used for the same purposes. Refined Trinidad asphalt melts 

_ at 87 deg cent and contains about 38 per cent mineral matter. Bermudez asphalt melts from 57 to 
87 deg cent and contains about 4 per cent mineral matter. 

Asphalts, Petroleum. A ‘“rubberlike’’ asphalt of almost any desired melting point up to 150 deg 
cent. The residue from the distillation of asphaltic or mixed-base petroleums. Sometimes called 
residual pitches or asphalts. Have greater purity and uniformity than natural asphalts. Used for 
potting, impregnating, etc. Some residual asphalts weather very badly when exposed to sunlight. 
Petroleum asphalt may be ‘‘blown”’ with air and steam to oxidize the asphalt partially and to increase 
the melting point. They also may be modified by adding rosin derivatives to increase the fluidity at 
high temperatures without drop in melting point. 

Asphaits, Sulfurized. Sulfur has a hardening action on asphalt, similar to vulcanization of rubber 
in some respects. Used in corona-resisting wire insulation. 

Asphaltites. Asphaltlike substances but much harder; have melting points above 120 deg cent. 
Not as soluble in petroleum hydrocarbons. The most important varieties are: gilsonite, m.p. 130 
deg cent; glance pitch or manjak, m.p. 160 deg. cent; and grahamite, m.p. 175 deg cent Another 
group of asphaltites containing so-called pyrobitumens are practically infusible. Elaterite, wurtzilite, 
albertite, and impsonite are members of this group and are almost insoluble in the usual solvents. 
The first group is used in the manufacture of varnishes and japans. 

Bakelite.* Bakelite Corp. Phenolic, cellulose acetate, polystyrene, urea, and other resins, plastics, 
and molding powders. 

Balata. A rubberlike natural material similar to gutta-percha and used for similar purposes. M.p. 
150 dec cent. Dielectric constant 2.6 to 3.5, depending on purity. May be deresinified to improve 
properties for use in submarine cables. See Kemp, J. Franklin Inst., Vol. 211, No. 1, p. 37. 

Beeswax. A white to yellow insect wax. Plastic at 30 deg cent. Melts from 62 to 64 deg cent. 
A good electrical insulator. Has a large negative coefficient of volume resistivity; is bleached by 
sunlight and turns brown with age. 

Beetle.* American Cyanamid Co. Urea formaldehyde molding powders. 

Buna N. Synthetic rubber made from butadiene and acrylonitrile by emulsion polymerization. 
Heat-, oil-, and solvent-resistant, but electrical properties are not good. Trade names: Hycar OR, 
Perbunan, Chemigum. 

Buna S. Common type of synthetic rubber made from butadiene and styrene by emulsion polymer- 
ization. Rubber made in government plants is known as GR-S. Insulation fully equal to that of 
natural rubber in electrical properties can be made from Buna S although the mechanical properties 
are not quite so good. Its general behavior is quite similar to that of natural rubber. 

Butacite.* E. I. du Pont de Nemours & Co. Polyvinyl butyral plastics. 

Butvar.* Shawinigan Products Corp. Polyvinyl butyral plastics. 

Butyl. A synthetic rubber made from isobutylene and butadiene by polymerization at low tem- 
peratures with a catalyst. It has excellent electrical properties, good resistance to heat, ozone, and 
corona, and low permeability to gases but is inferior to natural rubber in strength. When made in 
government plants it was known as GR-I. 

Casein. Prepared from skim milk by rennet treatment and hardened by soaking in formaldehyde. 
Before hardening it can be extruded and pressed; after hardening it is readily machined. It softens in 
hot water at 100 deg cent and can be blanked or molded to a limited extent. It is not a particularly 
good electrical insulator but is occasionally useful for small parts. It is readily colored either before or 
after fabrication. 

Catalin.* Catalin Corp. Cast phenolic resins. 

Cellophane.* E. I. du Pont de Nemours & Co. Regenerated cellulose film, lacquered to reduce 
moisture transmission. ‘ 

Celluloid.* Celanese Plastics Corp. Cellulose nitrate. 

Cellulose Acetate. A thermoplastic prepared by treatment of cotton linters or other cellulose with 
acetic anhydride and acid and the addition of suitable plasticizers. Variation of processing and plasti- 
cizer gives a wide range of molding flows and of the heat resistance, flow mobility, and other properties 
of the product. Available in all colors and in the forms of film, sheet, rod, and molding powders for 
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sompression and injection molding or for extrusion. Films and sheet of electrical grade are non-cor- 
rosive to fine copper wires even under conditions favorable to electrolysis and are superior for coil con- 
struction. Some molded materials contain volatile plasticizers and shrink in time or with heating. The 
heat distortion point of many grades is also quite low. Cellulose acetate is not attacked by oils but is 
dissolved by ketones, esters, and other solvents. Specifications for sheets: ASTM D786; for molding 
powders, ASTM D706. Trade names: Fibestos, Lumarith, Plastacele, Tentte I. 

Cellulose Acetate-butyrate. Similar to cellulose acetate except that it is a mixed ester of cellulose. 
Less plasticizer is required to obtain molding flow, and heat resistance is improved slightly. It is widely 
used in tape form for wire insulation and as a molding powder. Specifications for molding powders: 
ASTM D707. Trade name: Tenite II. 

Cellulose Nitrate. Also known as pyroxylin and Celluloid. It is made by nitrating cotton linters 
or wood pulp and adding suitable plasticizers such as camphor. Basically highly inflammable, but 
appropriate plasticizers reduce the inflammability. Very tough and is water- and chemical-resistant. 
Marketed as sheets, rods, tubes, and molding compositions. Specifications for sheet, rod, and tube: 
ASTM D701. Trade names: Celluloid, Pyralin, Nitron, Nixonoid. 

Cellulose Propionate. A new plastic similar to cellulose acetate but with improved impact strength 
and excellent dimensional stability. Good electrical properties and low water absorption. Trade 
name: Forticel. 

Celeron.* Continental-Diamond Fibre Co. Macerated-fabric-base phenolic moldings. 

Ceramics. Electrical ceramics include materials sintered, fused, or fired at high temperatures, such 
as porcelain, steatite, cordierite, glass, glass-bonded mica, titanium and zircon ceramics, q.v. Ce- 
ramics are characterized by heat resistance, permanency of dimension, low water absorption, low ther- 
mal expansion, and excellent electrical properties. Care is required in mounting ceramic parts since 
the modulus of elasticity is high and a slight bending develops high stresses. With the exception of 
glass-bonded mica, ceramics are not machinable by normal methods and are normally cast, molded, 
pressed, or extruded and machined in the unfired state and then fired at a high temperature. Since 
firing shrinkage is around 12 per cent, tolerances are not close, usually of the order of 1 per cent of the 
dimension. A limited amount of grinding can be done after firing. 

Ceresin. A white or yellow wax, with exceptional dielectric properties. Used extensively alone 
and mixed with other waxes. M.p. 65 to 67 deg cent. Soluble in oils and petroleum distillates. 
Very water-resistant and has high surface resistivity. 

Cerex.* Monsanto Chemicals Co, Polystyrene copolymer. 

Chatterton’s Compound. Fusible composition of gutta-percha, rosin, and tar used in submarine 
cable construction for sealing cable ends, etc. 

Copaline.* American Phenolic Corp. Solid-dielectric r-f cables. 

Cordierite Ceramics. Consist principally of the crystal cordierite, a magnesium aluminum silicate, 
and are characterized by a very low coefficient of thermal expansion and a power factor much higher 
than that of steatites. Trade name: Alsimag 72 and 202. 

Co-ro-lite.* Colombian Rope Co. Sisal-fiber-reinforced phenolic materials. 

Corprene.* Armstrong Cork Products Co. Cork-loaded neoprene sheet in various grades. 

Dilectene.* Continental-Diamond Fibre Co. Aniline formaldehyde sheets and rods. 

Dilecto.* Continental-Diamond Fibre Co. Laminated phenolic sheet, rod, and tubes. 

Dri-film.* General Electric Co. Silicone treatment for ceramics. 

Durez.* Durez Plastics and Chemicals, Inc. Phenolic resins and molding powders. 

Durite.* Durite Plastics, Inc. Phenolic and furfural resins. 

Ebonite. Another name for hard rubber. 

Empire.* Mica Insulator Co. Varnished cloth, sheet, and tape. Silk, rayon, Fiberglas, 2 to 40 
mils thick. 

Enamel. General term for a substance producing a colored glossy coating. Organic enamels are 
made by pigmenting or coloring lacquers or varnishes, and inorganic enamels by pigmenting low- 
melting glasses. (See discussions below.) 

Enamel, Varnish. Pigmented varnishes or varnishes colored by asphalts or colored resins. Varnish 
enamels may either dry in air in 4 to 16 hr, depending on the type, or be compounded to dry by baking 
from 2 to 8 hr at 100 to 150 deg cent. The baking types usually have better adhesion and hardness and 
higher dielectric properties. The japans are varnish enamels made with asphalts for baking. 

Enamel, Vitreous. A silicate or borosilicate glass with the melting point lowered by the addition 
of various fluxes, such as metallic oxides and salts. Some metallic oxides are used for coloring the enamel 
and others to increase the opacity. The enamel is usually applied in two or more coats when freedom 
from pinholes is desired. The same composition may be used for all coats in some cases, although 
specially formulated ground coats are usually superior. The enamel coats are applied by dipping or 
spraying, using a suspension of the finely ground enamel, known as frits, in a clay-and-water medium. 
For flat work the powdered frits are sometimes sieved onto the work in the so-called dry process. The 
coats are “‘fired” at temperatures up to 850 deg cent for periods of 3 to30min. The temperature and 
time are critical for a given composition of enamel and for the size of the enameled object. Some en- 
amels have very satisfactory dielectric properties and may even be used for the dielectric of small adjust- 
able capacitors, but the major electrical use is the manufacture of vitreous enamel resistors. For this 
use the formula is carefully adjusted to obtain a coefficient of thermal expansion suitable for the wire 
and coil forms, to prevent fracture of the wire with cycles of heating and cooling. 

Enamel Wire. Enamel for insulating wire is usually a varnish enamel. A hard, tough, and flexible 
covering is produced with a high dielectric strength. The enamel thickness varies from 0.0001 to 
0.0015 in., depending on the wire size. Enamel is suitable for continuous operation at 105 deg cent. 
Wire enamels vary slightly in resistances to oils and solvents. The better grades are suitable for con- 
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tinuous use in mineral oil up to 80 deg cent; 48 hr at 105 deg cent should have no visible effect. Most 
varnish and lacquer solvents will attack wire enamel to some degree if the contact is prolonged. It is 
important, therefore, to expel the solvents from varnish impregnation or cementing processes with 
reasonable promptness. It is necessary in most cementing processes for the solvents to attack the 
enamel slightly in order to secure a good bond. Wax impregnation has practically no effect on the 
enamel, but impregnation with asphaltic compositions may cause a severe attack on the enamel. The 
enamel is moderately resistant to abrasion and pressure, and wire may be random wound for some uses 
where a few shorted turns are allowable. It is also used successfully on core plates where it is subjected 
to considerable pressure and is occasionally filled with mica dust to improve the resistance to pressure. 

Ethocel.* Dow Chemical Co. Ethyl cellulose molding powder. 

Ethofoil.* Dow Chemical Co. Ethyl cellulose film. 

Ethyl Cellulose. Prepared by replacing the hydrogen of cellulose hydroxyl groups with the ethyl 
group by means of ethyl chloride or ethyl sulfate. It is thermoplastic and is tough and flexible through 
wide ranges of temperature. It is very stable to heat and light and has excellent electrical properties. 
It is available in “‘hot-melt’’ compounds, in casting compositions (Thermocast *), in films, as non-rigid 
sheets and extrusions, and as molding compositions. The electrical properties are well retained under 
moist conditions and actually may improve with increasing temperatures, contrary to the general rule. 
Specifications for non-rigid: ASTM D743; for molding: ASTM D787. Trade names: Ethocel, Lumarith 
EC, Chemaco, Hercules EC. 

Fiber, Vulcanized. Manufactured by treating rag paper with zinc chloride, pressing into sheets, 

- and thorough washing. Fiber will absorb water up to about 60 per cent if immersed for a sufficient 
length of time and will increase to nearly double the thickness. Solvents and oils have practically no 
effect on fiber. Fiber has a natural moisture content of 5 to 6 per cent at 40 to 60 per cent relative 
humidity, which will decrease at low humidities and increase at high humidities. Heating at 80 to 
100 deg cent for long periods will dry out and warp the fiber and impair the flexibility and toughness. 
From 100 to 170 deg cent the drying is very rapid, and the fiber will become brittle in a few hours. 
Above 170 deg cent the material will char on long heating. It chars ina short time at 200 deg cent. The 
maximum safe operating limit is about 150 deg cent. Fiber is made in gray, black, red, and white, but 
there is little difference in the properties due to the colors of the same grade of stock. Grade differences 
are due to selection of rags, inereased pressure in order to increase density and hardness, and more 
careful processing. The highest grade is the electrical grade made in thin sheets for use in slot insula- 
tion, etc., and commonly known as “‘fish paper.’’ This grade has exceptionally high dielectric and 
mechanical strength and a density of about 1.3. Hard fiber (bone fiber, horn fiber) has a density of 
about 1.3, and is considerably harder than the commercial grade. The commercial grade has slightly 
lower mechanical strength but about the same dielectric strength and shows considerably higher water 
absorption on 1-hr immersion. A grade especially made for forming and swaging contains glycerin to 
soften the material by retaining moisture. It can be swaged, spun, and formed readily for bushings, 
grommets, etc. All grades are readily machinable and can be punched and also formed dry to a limited 
extent. For more severe operations, the sheets can be soaked in water and formed in heated dies. The 
fiber bends best parallel to the grain. 

Fiberglas.* Owens-Corning Fiberglas Corp. Glass yarn and textiles. 

Fibestos.* Monsanto Chemical Co. Cellulose acetate. 

Fibron.* Irvington Varnish and Insulator Co. Flexible plastic products. Polyethylene tape and 
tubing. 

Fish Paper. Common name for superior grade of thin vulcanized fiber, also known as tarpon paper, 
leather paper, leatheroid, and fiberoid. It is usually supplied in a dark gray color. 

Flamenol.* General Electric Co. Polyvinyl chloride wire insulation. 

Formex.* General Electric Co. Polyvinyl formal magnet wire insulation. 

Formica.* Formica Insulation Co. Phenolic laminates. 

Formvar.* Shawinigan Products Corp. Polyvinyl formal. 

Forticel.* Celanese Plastics Corp. Cellulose propionate plastic. 

Fortisan.* Celanese Corp. of America. High-strength regenerated cellulose yarns. 

Fullerboard. Another name for pressboard. 

Furfural Resins. Phenol and furfural react to form resins similar to phenol-formaldehyde resins 
but generally dark in color. They are used for transfer molding and cold molding. They withstand 
high temperatures and have comparatively good arc resistance. Trade name: Durite. 

Gelva.* Shawinigan Products Corp. Polyvinyl acetate. 

Geon.* 8B. F. Goodrich Chemical Co, Polyvinyl chloride and vinyl vinylidene chloride. 

Gilsonite. Variety of natural asphalt. M.p. 122 to 188 deg cent. 

Glass. Physically, glass is an amorphous, undercooled liquid composed of silica and metallic sili- 
cates and hence has no crystal structure or sharp melting point. The plastic nature of glass at elevated 
temperatures permits fabrication by drawing, blowing, and pressing, as well as by casting. Only simple 
shapes can be molded. All glass must be carefully annealed to prevent residual stresses which reduce 
the strength, or surface-chilled in a controlled manner, as in so-called tempered glass, so that the residual 
stresses will increase the strength. Since glass has a high elastic modulus and no internal structure to 
interrupt stress patterns, it is extremely sensitive to stress concentrations. Glass parts must be care- 
fully designed, and surface damage must be avoided.’ Exclusive of glasses designed for sealing purposes, 
lime glass, lead glass, borosilicate glass (Pyrex types), and high-silica glass (Vycor) are the principal 
electrical glasses. The borosilicate and high-silica types have lower coefficients of thermal expansion, 
giving improved resistance to thermal shock. Electrical glasses have high dielectric strength and vol- 
ume resistivity and low power factor. These properties depreciate with rising temperature, and at 
temperatures from 150 to 200 deg cent a rapid rise in power factor and decrease in dielectric strength 
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begin. The high-silica glasses are superior in this respect. The surface of glass is readily wetted by 
water so that the surface resistivity is seriously reduced by relative humidities above 70 per cent. This 
is perhaps the most serious defect of glass as an electrical insulator, but recent work has indicated that 
leakage may be considerably reduced by treatment with silicones, q.v. The Multiform process, in 
which glass is powdered, pressed to shape, and fired like porcelain, makes possible the production of 
complicated parts to tolerances of 1 to 2 per cent and permits the use of high-silica glasses with very 
low losses and low thermal expansion. Recently developed techniques permit the firing of metallic 
coatings on glass, which may be used as circuit conductors, for soldered connections, or hermetic seal- 
ing by soldering. By alteration of the composition of glass, the thermal expansion may be matched to 
certain metals so that dependable seals resistant to thermal shock can be produced. Lead-through 
seals are available in single or multiple form, which may be soldered in a metal container to give a 
hermetic seal. 

Glass Textiles. Glass drawn into thin filaments (2 to 3 X 107‘in. diameter) has an enormous tensile 
strength (4 to 5 X 10° lb persq in.), owing to an absence of shearing stresses. Glass textiles (Fiberglas *) 
are made from glass yarn of two basic types: continuous-filament yarns made by hot drawing of fila- 
ments from glass ‘‘marbles’”’ in a special machine, and staple yarns made from staple fiber produced by 
steam drawing of molten glass into fibers varying from 4 to 18 in. in length. The individual fibers are 
lubricated and combined into yarns of various constructions. Glass textiles are available as tapes, 
cloth, sleeving, cords, and yarns for serving or braiding. Outstanding uses for glass textiles have been: 
(1) high-strength plastic laminates; (2) fireproof braiding for insulated wire; (3) varnished glass cloth; 
(4) serving for magnet wire. Advantages of glass textiles in these and other services are greater re- 
sistance to heat, longer life, non-inflammability, increased moisture resistance, and high mechanical 
strength. 

Glass-bonded Mica. Ground mica bonded with a low-melting glass, chiefly lead borate, and some- 
times with the addition of cryolite (sodium aluminum fluoride). The material is hot-pressed at 600 to 
700 deg cent to the required form. Certain types can be injection-molded. Metal inserts can be molded 
in place, in some cases for hermetic sealing purposes. It is also possible to cast aluminum around the 
material or to use it as an insert in plastic molded parts. It can be readily machined with carbide tools, 
or with ordinary tools for small quantities, to close tolerances. Glass-bonded mica has excellent elec- 
trical properties, good mechanical properties, low coefficient of expansion, and stability in dimensions 
up to 300 deg cent. Electrical properties do not deteriorate rapidly with rising temperature or under 
moist conditions, except that the surface resistivity of grades containing fluorides may be very low at 
high humidities. Under condensation conditions, the fluoride constituents are dissolved and may cor- 
rode metal parts. Polishing and waxing the surfaces will eliminate this condition but will reduce the 
are resistance. Special varieties of glass-bonded mica (Mycalex K *) are available with controlled dielec- 
tric constants between 8 and 20. Specifications: Army-Navy Specification JAN-I-10, Grade L-3 or 
L-4. Trade names: Mycalez, G. HE. Mycalex, Mycroy, Turz. 

Glyptal.* General Electric Co, Alkyd resins and products such as varnishes, cements, varnished 
cloth, etc., made therefrom. 

Gummon.* Garfield Mfg. Co. Asbestos coal-tar moldings. 

Gutta-percha. A grayish-white to brown plastic substance but not elastic like rubber. Can be 
molded under pressure at 60 to 100 deg cent and melts from 120 to 140 deg cent. It vaporizes above 
190 deg cent. Partly soluble in ether, carbon tetrachloride, benzol, chloroform, and carbon bisulfide; 
insoluble in water. Can be vulcanized with sulfur or sulfur chloride like rubber, forming a hard sub- 
stance, but it is nearly always used unvulcanized. It is rather easily oxidized in the air and becomes 
brittle and yellowish gray. It is principally used for the insulation of submarine cables and is generally 
applied uncompounded by a tubing machine or in strips like rubber. The power factor of gutta-percha 
is maximum at room temperatures, so that the dielectric loss in actual service at sea-bottom tempera- 
tures is quite low. If the insulation is prepared with about 1.5 per cent moisture content, which is 
close to the saturation value in sea water, the constants do not change much in service. The life is 
very satisfactory under water but is not very satisfactory in air. 

Halowax.* Bakelite Corp. Chlorinated naphthalene liquids and waxes for impregnating. 

Hard Rubber. See Rubber, hard. 

Hemit.* Garfield Mfg. Co. Cold-molded refractory materials. 

Herculite.* Pittsburgh Plate Glass Co. Tempered glass products. 
| Hycar.* Hycar Chemical Co. Synthetic rubber in various grades, distinguished by suffix letters 
and numbers. 

Insurok.* Richardson Co, Phenolic and urea laminates. 
~ Tsolantite.* Isolantite, Inc. Steatite ceramics. 

Jute. A long bast fiber employed in cordage and rough textiles. Considerably used as a filler and 
core in cords and cables. Commercial jute often is softened and rendered less brittle by impregnation 
with mineral oil. Jute loses its strength when damp. 

Kaolin. Also called china clay. An aluminum silicate clay free from iron, used in the manufacture 
of white porcelain, Valuable as a packing material around heating coils, etc. 

Kriston.* B. F. Goodrich Chemical Co. Allyl monomer. 

Lamicoid.* Mica Insulator Co. Phenolic laminates. 

Laminates. Layers of paper, cloth, or glass cloth impregnated with resin and pressed under heat 
and high pressures. Resins are usually thermosetting, but thermoplastic resins have been used. Low- 
pressure laminates use resins which give off little or no gas or vapor during curing, and pressure just 
sufficient to hold the mass in contact is required. Very large, shaped parts can be produced by employ- 
ing inflated or evacuated rubber bags to supply the low pressures needed. Knitted cloths are often 
used to allow stretching where required. Contact laminates can be made with still lower pressures (as 
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low as 1 lb per sq in.). Trade names of materials employed for contact laminating are: Laminac,* 
American Cyanamid Co.; Thalids,* Monsanto Chemical Co.; Bakelite Copolymer Resins,* Bakelite 
Corp.; Selectron,* Pittsburgh Plate Glass Co.; Vibrins,* Naugatuck Chemical Co. ‘The electrical 
properties of many of these low-pressure laminates are excellent. They were employed for such appli- 
cations as radomes during the war. Properties of sample laminates: dielectric constant 3.54 to 4.59 at 
1 Me; power factor 0.0075 to 0.0105 at 1 Me. 

Latex. An emulsion of rubber, synthetic rubber, or synthetic resin in water, depositing a solid 
film on evaporation. 

Lava.* American Lava Corp. Mineral tale machined to shape and fired at high temperatures, 

_ Lavite.* D.M. Stewart Mfg. Co. Steatite ceramic. 
' Lenoxite.* Lenoxite Div., Lenox, Inc. Steatite ceramic. 

Lignin. Lignin is the binding material in wood. Two types of plastic are made from lignin. In 
one type the whole wood is used; steamed chips are exploded by sudden pressure release and are pressed 
into boards under high pressure (Masonite,* Benalite,* Masonite Corp.). In the other type the sepa- 
rated lignin, usually a byproduct of paper manufacture, is combined with other materials, such as 
amines, furfural, or phenol, to form a thermosetting resin which may be combined with various fillers, 
or is used to impregnate paper which is hot-pressed into laminated boards (Lignolite *). Lignin also 
is used as an extender for phenol-formaldehyde molding compounds. 

Lignolite.* Marathon Chemical Co. Lignin plastic sheets. 

Loalin.* Catalin Corp. Polystyrene. 

Lucite.* E. I. du Pont de Nemours & Co. Methyl methacrylate sheet and molding powders, also 
in heat-resistant grades. 

Lumarith.* Celanese Celluloid Corp. Cellulose acetate and ethyl cellulose products. 

Lustron.* Monsanto Chemical Co. Polystyrene molding powders. 

Magnesium Oxide. Compressed magnesium oxide is used in the insulation of heating units and, 
in Europe, for heat-resistant coaxial conductors (Pyrotenaz *). Single or multiple conductor cables are 
made by packing magnesium oxide preforms and the conductors inside a copper tube and drawing the 
assembly to a smaller size. As a r-f coaxial line the losses are higher than those of polyethylene insula- 
tion, and the ends must be well sealed against moisture. It is electrically smooth compared to an 
insulator-spaced air line. 

Makalot.* Plastics Div., Interlake Chemical Co. Phenolic resins and compounds. 

Masonite * Die Stock. Masonite Corp. Exploded wood fiber, densified under high pressure. 

Melamine-formaldehyde. Thermosetting resins prepared by reaction of formaldehyde, melamine, 
and sometimes dicyandiamide; the latter two are derived from calcium cyanamid. These resins are 
heat- and arc-resistant and have excellent electrical properties and low water absorption. Alpha cel- 
lulose, chopped rag, and mineral fillers are used in various compounds. Specifications: ASTM D704. 
Resin trade names: Melmac, Resimene, Plaskon Melamine. 

Melamine Glass Laminates. These laminates are characterized by high arc resistance and great 
mechanical strength. They are also heat-resistant and burn with some difficulty. ‘The fumes from the 
burning laminate are said to be less toxic than those from phenolics; hence these laminates were used 
for combat-vessel equipment. The high-frequency properties are not outstanding and are not con- 
trolled in production. Specifications: Joint Army-Navy Spec. JAN-P-13 Type GMG. 

Melmac. American Cyanamid Co. Melamine-formaldehyde resins and molding powders. 

Methacrylates. These resins are members of the acrylic or acrylate resin group. The most im- 
portant member is methyl methacrylate. This plastic is produced by the reaction of acetone and hy- 
drogen cyanide to form acetone cyanhydrin, which is allowed to react further with methyl alcohol to 
produce methyl methacrylate monomer [CH2 : C(CH3)COOCH3]. This monomer is polymerized by 
the aid of peroxide catalysts and heat. The polymers are characterized by great optical clarity, light 
transmission of 92 per cent, high refractive index of 1.48 to 1.51, stability to light and weather, and 
good mechanical and electrical properties. Arc resistance is high; vapor from the plastic actually tends 
to quench arcs. Power factor and dielectric constant decrease with increasing temperature and fre- 
quency instead of exhibiting the normal increase. Methyl methacrylate in common with other thermo- 
plastics has a low heat distortion point. Heat-resistant grades are available that will withstand boil- 
ing in water. Specifications for sheet, rods, and tubes: ASTM D702; for molding compounds: ASTM 
D788. Trade names: Plexiglas, Lucite. 

Mica. A group of natural complex aluminum silicates with highly developed basal cleavage into 
thin, tough, flexible laminae. It is probable that if sufficient care were taken it could be split into 
thickness approaching molecular dimensions. Owing to the fact that blocks are very expensive, mica 
is usually split and punched into parts for capacitors and spacers. For other uses the flakes are cemented 
together with adhesives to make “‘built-up” or ‘‘pasted”” mica, which forms flexible or rigid sheets, de- 
pending on the binder. Flake or dust mica is combined with resins or glasses to form simple molded 
shapes as well as rods and sheets, There are several varieties of mica, including: 


Biotite—iron mica, black mica Muscovite—potassium mica, 
Paragonite—sodium mica common mica 
Lepidolite—lithium mica Phlogopite—magnesium mica, 
Lepidomelane—iron mica rhombic mica 


but only the last two are used for electrical work. Muscovite comes in three colors: white and ruby, 
both of which are superior grades, and green, which is inferior electrically and mechanically to clear 
grades of white and ruby. Muscovite mica is in general superior electrically and mechanically to 
phlogopite, but phlogopite has superior heat resistance. Phlogopite ranges from a deep amber color to 
dark amber and milky white. It is not so readily split as muscovite; it is softer, and is lower in mechani- 
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cal strength. Phlogopite mica does not lose water up to temperatures of 800 to 900 deg cent, and some 
grades will resist 1200 deg cent without complete disintegration. For this reason it is valuable for 
spacing the elements in vacuum tubes and in heating devices. The maximum operating temperature 
is best limited to 1000 deg cent, and that of muscovite to 500 deg cent. The power factor and resistivity 
of phlogopite are much worse than those of muscovite, although the dielectric strength is nearly the 
same. Stained muscovite and all phlogopite are unsuitable for use in capacitors where low power factor 
is required. Mica, in general, does not decrease in dielectric strength with frequency as fast as most 
dielectrics. This fact, together with its low power loss, enables carefully designed and built mica capac- 
itors to operate at extremely high frequencies. The defects occurring in mica are air bubbles, stains, 
and spots. Mica is graded according to freedom from defects as follows: highest-grade mica is clear 
and free from all defects; second highest grade has air bubbles between laminae; stained mica sometimes 
has some iron stains present; spotted mica is badly stained and usually has inclusions of other minerals. 
Mica splittings are graded for size according to the largest usable rectangular area. For grad- 
ing methods, see ASTM D351. The dielectric strength of mica is considerably reduced by air or mois- 
ture between the laminae, but the flexibility is somewhat increased. Specifications for block mica and 
films: ASTM D748; for electrical tests: ASTM D351. 

Mica, Reconstructed or Pasted. Flake mica is bound and pressed together with shellac, gum, 
asphalt, or synthetic resin varnishes and milled to thickness to form sheets which may be punched and 
sheared. Some grades are flexible and may be formed to a limited extent cold. Others use a thermo- 
plastic binder and can be formed to quite intricate shapes at 100 deg cent. Hard grades contain as 
little as 3 per cent binder and do not compress appreciably. See also Mica cloth and Mica paper. 
Specifications for materials: NEMA Standards 39-55; for testing methods: ASTM D352. 

Mica Cloth. A composite insulation of high dielectric strength used for insulating transformers and 
field windings. 

Mica Paper. Flake mica cemented between sheets of glassine, rice, kraft, or express paper. Mica 
also is combined with asbestos paper or fibers to form composite insulations. 

Mica Plate. Another name for reconstructed mica sheets. 

Micabond.* Continental-Diamond Fibre Co. Reconstructed mica tape, tubes, and sheets. 

Micanite.* Mica Insulator Co. Reconstructed mica products, 

Micarta.* Westinghouse Electric Corp. Phenolic laminates. 

Minerallac.* Minerallac Electric Co. Fusible asphalt compounds, 

Molded Compounds. Hot-molded products are formed in molds or platens heated to a temperature 
sufficient to cause the binder to flow, cementing the particles and producing a pure smooth binder 
surface which lowers water absorption and increases surface resistivity. Compounds in which binder 
hardens under heat are called thermosetting; those in which binder becomes plastic are called thermo- 
plastic, and molds must be cooled before the article is removed. Some thermosetting binders are 
synthetic resins of the phenol formaldehyde, urea formaldehyde, or melamine type. Some thermo- 
plastic binders are shellac, cellulose nitrate and acetate, vinyl resins, mixtures of asphalts and hardened 
rosin, copals, casein resins, sulfur chloride phenol resins, cumarin resins, polystyrene, and methacrylate. 
Fillers may be either fibrous or powdered, wood flour being the commonest. Cotton, silk flock, or 
threads are used to improve resistance to impact, and macerated cloth to give high impact resistance, 
with thermosetting compounds. Asbestos is used for heat-resistant products, mica to obtain low 
power factor, and ground flint, china clay, silex, stone, etc., to cheapen the article. Compounds can 
be hot-molded in great varieties of shapes with thin sections, metallic inserts, threads, etc. Tolerances 
can be held to within plus or minus 0.003 in. per in. when not depending on mold closure. Cold-molded 
products are formed under pressure and subsequently baked for periods of from a few hours to a week 
at temperatures of 150 to 300 deg cent. There is little flow of the binder, and the surface is not very 
smooth and depends on the fineness of the filler. Pieces distort slightly in baking, and the accuracy 
of dimensions is much lower than in the hot-molded process: it amounts to plus or minus 0.009 to 
0.015. Binders are thick varnishes, asphalts, tung and linseed oils, anthracene oils, and various gums 
or varnish resins in suitable solvents. Cold-molded compounds are subdivided into refractory and 
non-refractory, according to the degree of heat resistance. In general, close tolerance, loose mold 
pieces, and threaded parts increase molding cost. For low cost the parts should be designed with 
adequate radii, and with no projections, indentations, or holes which require loose pieces in the molds. 

Multiform Glass.* Corning Glass Works. Powdered glass, pressed and fired. 

Muscovite. Variety of mica suitable for electrical insulation. See Mica. 

Mycalex.* Mycalex Corp. Glass-bonded mica, sheet, rod, and molded. 

Mycalex,* G. E. General Electric Co. Glass-bonded mica, sheet, rod, and molded. 

Mycroy.* Electronic Mechanics, Inc. Glass-bonded mica. 

Neoprene. Produced by emulsion polymerization of chloroprene, which is derived from acetylene. 
Polychloroprene is the chemical name for neoprene but neoprene generally is used even though it is 
the trade name for the E. I. du Pont de Nemours & Co. product. Neoprene can be vulcanized like 
rubber but sulfur is not always required. There are many types of neoprene distinguished by suffix 
letters; some of the types are copolymers with nitriles. Neoprene made in government plants was called 
GR-M;; freeze-resistant neoprene, FR; general purpose, GN; low oil swelling and low gas diffusion, ILS, 
etc. All types are outstanding in oil, ozone, and sunlight resistance and will not support combustion. 
Neoprene may be compounded to give power factors of 1 per cent and resistivities of 10!2 ohm-cm, but 
many compounds are poor electrically. Neoprene may also be formulated for high heat resistance or 
for good abrasion resistance. One application of great value is the jacket of portable cords and cables. 
Neoprene also may be made with low specific resistivity for use as electrostatic shields or for potential 
control. It also is an excellent gasket material. 

Nitrocellulose. See Cellulose nitrate. 
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Nitron.* Monsanto Chemical Co. Cellulose nitrate. 

Nixonite.* Nixon Nitration Works. Cellulose acetate. 

Nixonoid.* Nixon Nitration Works. Cellulose nitrate. 

Nylon.* E. I. du Pont de Nemours & Co. Polyamide products of all kinds. 

Ozokerite. A natural mineral wax, amorphous and black to dark brown. When bleached, it is 
white to yellow or brown. Melting point is 70 to 80 deg cent. The purified wax is known as ceresin. 

Panelyte.* St. Regis Paper Co. Phenolic laminates. 

Paper. Paper for insulating purposes should be as free as possible from all chemicals and from 
conducting particles and should be strong mechanically. Paper changes its moisture content very 
rapidly with changes of atmospheric humidity. Single sheets of thin paper will come to equilibrium 
in as little as 15 minutes, so that all testing, both mechanical and electrical, is done best under condi- 
tions of controlled humidity and temperature. The principal types of paper of interest are those fol- 
lowing. Rag papers made with a minimum of chemicals and short ‘‘cooks” give strong paper with 
heat resistance somewhat improved over that of chemical wood papers. Manila papers, made from 
manila fiber or from old rope, etc., sometimes with cotton or linen rags, have been the standard cable 
papers for some years because of high mechanical and electrical properties. Kraft papers can now be 
made, however, with equal or superior properties; kraft papers properly made are very strong, have 
excellent dielectric properties, and are cheaper than rag or manila paper. Glassine or onion-skin paper 
is a highly beaten sulfite stock with fair mechanical and electrical properties. It does not take impreg- 
nation well, however. High-density, well-beaten, heavily calendered stocks in the thicker sizes are 
much used as insulating strips. See Pressboard. Material intermediate between paper and boards in 
density or thickness is known by various names—express paper (chemical wood fiber), rope paper 
(from old ropes), etc. 

Paragutta. Submarine cable insulation compounded of purified gutta hydrocarbon and deresinified 
rubber. 

Perbunan.* Standard Oil Co. of N. J. Synthetic rubber: a copolymer of butadiene and acrylo- 
nitrile. 

Petrolatum. Comes in liquid, soft, and hard grades. The soft form is similar to vaseline and is 
used extensively as a paper-cable-impregnating material. M.p. 50-55 deg cent. ‘The electrical prop- 
erties vary with purity. : 

Phenol Fiber. General term for paper-base phenolic laminates. 

Phenolic Insulating Materials. Obtainable in two principal forms: molded parts; and laminated 
sheets, rods, or tubes with paper or fabric base. For molding compounds, the resins are combined 
with the desired fillers, either by working on rolls or by coating the filler particles with a varnish and 
drying (see discussion of molded compounds). For laminated products, sheets of paper or fabric are 
coated or impregnated with varnish and pressed hydraulically between heated platens. Rods are 
wound on small mandrels which are removed and the roll is cured ina mold. This leaves a weak center 
section, and for some purposes rod turned from sheet stock is preferred, although it does not machine 
as well and splits more readily. For molded tubes the impregnated paper is wound on mandrels and 
the assembly cured in heated molds. Since the pressure, of course, is not radial unless an expanding 
mandrel is used, the seams in molded tubes are weak and tend to split apart. To overcome this, a 
rolled tubing is manufactured which is cured by heated rolls during the winding. Since the pressure is 
limited in this process, the electrical properties generally are not equal to molded tubing but the me- 
chanical properties are superior. Laminated phenolic insulation is hard, tough, and rigid, but more 
elastic than equivalent molded compounds. It is infusible and resists temperatures up to 125 deg cent, 
but becomes slightly more brittle upon cooling after continuous operations above 90 deg cent, and 
usually shrinks somewhat more than it had expanded. A slight softening is noted while the compound 
is hot, of which advantage is taken to reduce breakage in punching operations. Stress applied while 
hot causes a slight permanent set, and a limited forming is thus possible. The dielectric properties 
are not so good as those of hard rubber, but, mechanically, phenolic insulating compounds are superior 
and do not corrode metals or deteriorate with age. Specifications for laminates: NEMA Standards, 
and ASTM D709; for molding compounds ASTM D700. 

Phenolic Resins. Phenol and various other phenolic substances, such as cresol, will condense and 
polymerize with aldehydes under the influence of heat and a suitable catalyst. Formaldehyde and 
hexamethylene tetramine are the commonest substances employed to react with phenols or cresols. 
The reaction is catalyzed by ammonia, alkalies, acids, and other agents. The reaction proceeds in two 
or more stages. In the first stage the resin is fusible and soluble in acetone and other solvents. Upon 
further heating the resin becomes infusible and practically insoluble. This second stage is the base of 
thermosetting molding compounds and of some phenolic laminating or baking varnishes. 

Phenolite.* National Vulcanized Fibre Co. Phenolic laminates. 

Phlogopite. Variety of mica, q.v. 

Piccolastic.* Pennsylvania Industrial Chemical Corp. Substituted styrene polymers. 

Plaskon.* Plaskon Div., Libby-Owens-Ford Glass Co. Urea or melamine molding compounds. 

Plastacele.* E. I. du Pont de Nemours & Co. Cellulose acetate products. 

Plax.* Plax Corp. Polystyrene. 

Plexiglas.* Rohm and Haas Co. Methyl methacrylate products. 

Pliolite.* Goodyear Tire and Rubber Co. Cyclicized rubber thermoplastic resin. 

Polectron.* General Aniline & Film Corp. Polyvinyl carbazole resin. 

Polyamides. Thermoplastic resins formed from dibasic acids and diamines. Nylon, the most 
important, is formed from adipic acid and hexamethylene diamine. It is characterized by extraordinary 
strength and toughness, and by a high degree of resistance to solvents and chemicals. The electrical 
characteristics of nylon are good but not so outstanding as its mechanical properties. It has been used 
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successfully for thin-wall coil forms and for thin-wall jacketing of assault wire. Its strength and fungus- 
resisting properties have led to its use for many military applications in connection with parachutes, 
aircraft, guy, mooring, and tow ropes, cords, etc. It is available as yarn, monofilament, and molding 
compound. Yarn and monofilament are cold-drawn or orientated to effect a very considerable increase 
in tensile strength. Specifications: ASTM D789. 

Polydichlorostyrene. Thermoplastic prepared by polymerization of dichlorostyrene. It is similar in 
most respects to polystyrene except that a considerable increase in heat distortion temperature has 
been made with only a slight sacrifice in electrical properties. Trade name: Styramic H.T. 

Polyethylene. Prepared by the polymerization of ethylene,’ polyethylene is outstanding for low 
electrical losses at high frequencies and has found extensive application as a dielectric in r-f coaxial 
cables. In thin sections it is flexible, but thick sections are rigid and can be machined. It is thermo- 
plastic and is fabricated by injection or extrusion. It is available in the forms of molding compound, 
tape, tubing, monofilament, and rods or slabs. English practice includes plasticizing with polyiso- 
butylene, which lowers the cold-brittleness point. Polyethylene is insoluble in common solvents when 
cold but dissolves in hot hydrocarbons. Coatings of polyethylene may be applied by flame-spraying 
or by the use of emulsions. Coatings have a low moisture permeability. Trade name: Polythene. 

Polyflex.* Plax Corp. Flexible polystyrene sheet. 

Polystyrene. Thermoplastic resin produced by polymerization of monomeric styrene with heat and 
sometimes a catalyst such as a peroxide. Polystyrene is outstanding for low dielectric loss at high 
frequencies. It has high dielectric strength and good arc resistance. It has zero water absorption and 
good mechanical strength, and it does not become more brittle at low temperatures. It has exceptional 
optical clarity and high refractive index. Unfortunately, it cannot be used at temperatures much above 
65 deg cent without cold flow occurring, and some tendency for surface crazing exists. Crazing may be 
minimized by suitable heat treatment to remove surface strains. Attempts to increase the operating 
temperature by the use of fillers have not been too successful, for they increase the tendency to crack. 
The usual method of fabrication is injection molding, although many parts are machined from sheet, 
rod, or tube stock. Polystyrene may be drawn or oriented to form a flexible sheet (Polyjlex *) or 
plasticized to make films for use in capacitors, etc. Specifications: ASTM D703. Trade names: Loalin, 
Lustron, Plax, Polyflex, Styron. 

Polystyrene, Modified. Polystyrene has been combined with chlorinated diphenyl to form a non- 
inflammable plastic with a heat distortion point somewhat higher than that of polystyrene. It is also 
easier to machine, but the electrical losses are slightly higher. Trade name: Styramic. Other modi- 
fications are possible, such as copolymerizing styrene with other materials such as butadiene. With 
about 25 per cent styrene Buna S rubber is formed, but if the styrene is considerably in excess a semi- 
flexible thermoplastic (Styraloy *) is produced. This material has good dielectric properties and is 
very tough. It is suitable for wire and cable insulating. Cerex * is another recently introduced styrene 
copolymer with improved heat resistance, high strength and hardness, and unusual chemical resistance, 
but somewhat higher losses than polystyrene. 

Polytetrafiuoroethylene. Manufactured by polymerizing gaseous tetrafluoroethylene; a plastic 
with remarkable heat, chemical, and solvent resistance. Polytetrafluoroethylene is very tough over a 
wide temperature range and has a loss factor less than that of polystyrene; its dielectric constant of 
2.0 is the lowest of any solid insulating material. It is very expensive as of 1949, and extrusion or mold- 
ing is slow. Some machining is necessary on most parts since molding is very difficult. Trade name: 
Teflon. 

Polythene.* E. I. du Pont de Nemours & Co. Polyethylene. 

Polyvinyl. See Vinyl. 

Porcelain. A ceramic body usually composed of clay, feldspar, and flint, finely ground, mixed 
with water, formed to desired shape, dried, and fired at temperatures usually ranging from 1300 to 
1800 deg cent. When desired, glaze is applied on all surfaces, except the base on which the part rests 
in the kiln during firing, by painting on a composition which fuses to a translucent or transparent glass. 
Mixtures of china clay or kaolin, which are slightly plastic, and ball clay, which is very plastic, are 
used to give the necessary working properties to the wet dough. Feldspar is a naturally occurring 
potassium aluminum silicate. Flint is added in the form of ground sand or quartz. Normal por- 
celains contain from 20 to 60 per cent of clay, from 15 to 50 per cent of feldspar, and from 0 to 65 per 
cent of flint. Magnesia sometimes is added up to 50 per cent to improve the strength at high tempera- 
tures. Special porcelains vary widely in composition. Some are made from natural aluminum silicates 
such as andalusite with enough clay to give a bond. Magnesium silicate ceramics made with bases of 
talc, steatite, etc., give modified porcelains with superior electrical and mechanical properties. The 
raw ‘‘body’’ or dough is formed into shape by two distinct processes. In the dry process the mass is 
compressed in steel dies. Parts must have ‘‘draft’’ and taper similar to die castings, and a tolerance of 
plus or minus 1/¢4 in. per in. is necessary to allow for shrinkage variation in firing and wear of molds by 
abrasion. Minimum commercial tolerance on thickness is plus or minus 0.010 in. Dry-process por- 
celain is used for insulation under 5000 volts only, since it is porous and weaker mechanically and 
electrically than wet-process porcelain. The porosity is from 3 to 5 times as high as that of wet-process 
parts. Wet-process porcelain is made by forming the dough to the approximate shape, drying, and 
machining on vertical or horizontal lathes to final shape. It also is sometimes cast in a fluid state in 
absorbent molds which remove enough water to enable the part to be removed after some time and 
dried. Cast porcelain compares favorably with formed wet-process porcelain. Wet-process porcelain 
has a very low porosity and high dielectric strength. A tolerance of about 1/39 in. per in., plus or minus, 
is necessary for commercial manufacture. All porcelain is relatively weak in tensile, flexural, and 
impact strength. It has poor resistance to thermal shock except in special grades. The mechanical 
strength depends upon the flint content, the heat resistance upon the clay, and the dielectric strength 
a ee eee ee eee eS See 
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upon the feldspar, which unfortunately tends to make the parts brittle. Porcelain is comparatively 
inexpensive and chemically inert. Dry-process parts are considerably cheaper than wet-process parts. 
Glazing improves the resistance to weathering, but it must have a coefficient of expansion similar to 
that of the body, for a cracked or ‘‘crazed”’ glaze reduces the strength. The insulation resistance of 
normal porcelains drops rapidly above 300 deg cent; to minimize this effect, alkali metals are reduced 
in amount as much as possible. For high-temperature work free quartz in the fired body is undesirable 
since it has irregularities in its thermal expansion curve which tend to cause cracking, and so it is 
eliminated as far as possible. The desirable structure is usually crystals of aluminum silicates (known 
as mullite and sillimanite) evenly embedded throughout a glassy matrix. Pores are, of course, highly 
undesirable. Fired porcelain parts can be ground to meet close tolerances, and two or more subparts 
can be fastened together with neat Portland cement, litharge-glycerin cement, or asphalt and resin 
base compounds. Low-melting metals, such as babbitt, may be cast around porcelain with some 
attendant danger of cracking. 

Pressboard. A material similar to paper except that it is thicker, less flexible, and usually denser. 
Grades containing above 50 per cent cotton fiber may be formed by heat and pressure into simple 
shapes. The better grades are also known as fullerboard. Pressboard is much used for low-frequency 
coil construction with subsequent impregnation. The material, of course, is hygroscopic and must be 
treated with oil, wax, varnish, or other compounds to increase dielectric strength and repel moisture. 
The impregnated material is a cheap and satisfactory insulator where the highest dielectric properties 
are not required. 

Prestite.* Westinghouse Electric Corp. Special dry-process porcelain. 

Pyralin,* E. I. du Pont de Nemours & Co. Cellulose nitrate. 

Pyrex.* Corning Glass Works. Electrical, heat, and chemical resistant glasses. 

Pyroxylin. See Cellulose nitrate. 

“Q” Max.* Communication Products Co. Low-loss r-f coil lacquer. 

Quartz, Fused. Silicon dioxide fused at 1750 deg cent to a clear, translucent, glassy mass. Very 
stable, will not absorb water, and is an exceptional insulator. Strong mechanically and extremely 
resistant to thermal shock on account of the low coefficient of expansion. It is not attacked by solvents 
or solutions except by hydrofluoric acid and slowly by concentrated alkalies. For high temperatures it 
must be kept clean, as traces of metallic salts or oxides will flux the quartz to form a low-melting glass 
and cause failure of the tube or other device. It is available in rods, blocks, tubes, and extruded shapes. 
Special shapes can be cast in graphite molds. It can be ground and disk-sawed readily since it does not 
crack easily. It is very expensive. 

Rayon. The three common types of rayon are acetate, viscose, and cuprammonium. Viscose 
rayon is the strongest and most suitable for protective braids on hook-up wire but is not so resistant to 
abrasion as cotton. Viscose rayon contains traces of residual sulfur which may cause corrosion if it is 
used for magnet wire insulation; acetate and cuprammonium rayon are suitable for such applications. 
Acetate rayon is especially suitable for use with very fine wires for it is non-corrosive even under condi- 
tions where electrolysis would take place. 

Resimene.* Monsanto Chemical Co. Melamine molding compounds. 

Resinox.* Monsanto Chemical Co, Phenolic molding compounds. 

Resistoflex.* Resistoflex Corp. Polyvinyl alcohol products. 

Rosin. Rosin is a natural resin obtained by steam distillation of turpentine and rosin oils from 
the exudations of certain varieties of pine trees. Rosin comes in letter grades. WW (water white) is 
the best, descending in reverse alphabetical order to A and B, which are very impure grades, contain- 
ing much dirt, and almost black. It is universally graded by the color. Although the properties do not 
vary directly with the color, the color is important for use in varnishes. Rosin in grades from WW to 
H is extensively used in oil and wax impregnating compounds. It also is very cheap. Probably the 
most important use in the electrical industry is non-corrosive soldering flux. Solutions of rosin in 
No. 1 8.D. alcohol, or in alcohol and ethyl acetate, form a substantially non-corrosive soldering flux 
and yet the activity of rosin at the temperature of melted solder is sufficient to remove thin coats of 
metallic oxides and insure a good joint on tin, copper, brass, or nickel silver. It is unsatisfactory for 
steel. Any rosin left around the joint is non-conductive, which is a further advantage. 

Rubber, Cyclicized. Thermoplastic resin derived from natural or special synthetic rubber by treat- 
ment with stannic chloride or chlorostannic acid. This resin is extremely resistant to moisture diffu- 
sion and may be added to wax mixtures to decrease cracking at low temperatures. Trade names: 
Pliolite, Marbon B. 

Rubber, Hard. Hard rubber is usually vulcanized with 20 to 30 per cent sulfur, in the form of 
sheets, rods, tubes, or molded shapes. It is also called vulcanite and ebonite, and is known under 
various trade names. It is a hard, dense material, is easily machinable, takes a high polish, and is 
resistant to wear. At temperatures slightly below room temperature it becomes increasingly brittle, 
and at higher temperatures it softens and flows under pressure. Under heavy load, ‘‘cold flow’’ occurs 
at room temperature. In a small intermediate temperature range it is tough and almost ‘“‘unbreak- 
able.” It is combustible but is not easily ignited. It has low water absorption and is immune from 
attack by most acid and alkali solutions and fumes. It is attacked and swelled by oils and rubber 
solvents. It is attacked by ozone, although less than soft rubber, but special grades are available with 
improved oil and ozone resistance. It is resistant to sparks but will not withstand heavy ares. The 
sulfur is never fully combined, which leads to some serious difficulties. The sulfur has a tendency to 
appear in a surface film known as ‘“‘bloom,”’ causing discoloration. Ultraviolet light produces sulfuric 
acid from this layer, seriously lowering the surface resistivity and causing corrosion of nearby metals, 
“Blooming’’ can be greatly reduced by careful compounding. Metallic inserts should be protected by 
3 coating of tin or other corrosion-resistant substance. The tendency to ‘‘cold flow’ and the high co- 
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efficient of expansion can be reduced by incorporating suitable fillers such as talc; lower grades of hard 
rubber usually are filled for economic reasons, however. Rubber can be “preformed” before molding 
to nearly the final shape and hence may be used for fine tubes and thin-walled sections not easily ob- 
tainable with phenolic moldings, but the accuracy in molding is usually much lower, owing to shrinkage, 
distortion, and high coefficient of expansion. Hard rubber is easily machined by normal methods, but 
grinding is sometimes more economical. Special drills also give improved performance, and lubricants 
are valuable for drilling, tapping, and turning. Tungsten carbide and diamond tools give more nearly 
satisfactory production. The material may be sheared and punched if heated. Many moldings as 
well as machined parts require polishing with pumice on a moderately hard “‘buff’’ at low speed to 
avoid excessive heat. The material usually is black but can be obtained in a number of colors, mostly 
with high filler content. Hard rubber has very high dielectric strength and resistivity, and low dielec- 
tric constant and power factor, but all the dielectric properties are affected seriously by rising tempera- 
ture. The mechanical temperature limit is about 45 deg cent for unloaded and 70 deg cent for loaded 
hard rubber with light pressures. 

Rubber, Synthetic. The principal synthetic rubbers are Buna S, Buna N, neoprene, butyl, and 
Thiokol,* although elastomeric vinyl compounds might also be classed as synthetic rubber. All the 
above are discussed elsewhere in this section. 

Rubber, Vulcanized. Sulfur and rubber react at temperatures in the vicinity of 100 deg cent to 
form a tough, elastic, strong material. The crude rubber is washed, sheeted, and dried. The sheets 
are then mixed on hot rolls with sulfur, fillers, plasticizers, accelerators, and anti-oxidants as wished, 
and sheeted, molded, or extruded to the desired forms. The article then is vulcanized by heating to 
temperatures from 125 to 145 deg cent for soft rubber articles, and 160 to 170 deg cent for hard rubber 
parts. With plain rubber, from 2 to 10 per cent sulfur gives a soft rubber stock. Hard rubber contains 
from 20 to 32 per cent sulfur. With plain sulfur, vulcanization or ‘‘cure’’ may take 2 or 8 hours, but 
by means of accelerators the time may be reduced to as low as 20 minutes. Litharge, lime, and mag- 
nesia are inorganic accelerators as well as fillers. Complex organic compounds, such as tetramethyl- 
thiuram disulfide, phenylguanidines, and mercaptobenzothiazole, function to give fast cures which are 
not critical as to the time required to obtain maximum physical properties and are known as ‘“‘flat’’ 
cures. Fillers in the form of fine powders, such as carbon black, zinc oxide, clay, and whiting, are em- 
ployed in nearly all rubber goods. They cheapen the compound, of course, but they also increase the 
strength and toughness. Soft rubber compounds usually contain from 50 to 80 per cent of filler. Al- 
though the natural resins and proteins assist in the ‘‘milling”’ or breaking down of the rubber to some 
extent, very often improved working is obtained by adding plasticizers or softeners, including paraffin, 
waxes, para-cumaron resin, oils, fats, and asphaltic and bituminous materials in various percentages. 
Reclaimed rubber also improves the working properties. So-called mineral rubber, which is an asphaltic 
residue, is sometimes added up to 20 per cent and can be classed as a filler. The dielectric constant of 
rubber-sulfur compounds at 25 deg cent rises from 2 to 11 per cent of sulfur and falls again from 16 to 
19 per cent sulfur, and then changes very slightly up to 32 per cent sulfur. The power factor goes 
through somewhat similar variation, starting at 8 per cent sulfur. The maxima of these curves are 
displaced to higher sulfur content by increasing temperature. The normal soft and hard rubber com- 
positions thus have low dielectric constant and power factor, and the intermediate region, which is 
seldom used, has poor electrical properties. Resistivity rises in a fairly regular curve from 2 to 28 per 
cent sulfur. (See Bureau of Standards Scientific Paper 560, part II, by H. L. Curtis, A. T. McPherson, 
and A. H. Scott.) Softeners change the dielectric constant slightly but may seriously increase the 
power factor in quantities of only 10 per cent. The dielectric constant is increased nearly propor- 
tionally to the filler content. Carbon black causes a sharp increase of dielectric constant from 2.7 to 
6.0. Zine oxide, lead oxide, and selenium show much slower rates of increase. Powdered quartz gives 
only a slight increase. The effect on the power factor is much the same: 20 per cent carbon black ele- 
vates the power factor from 0.0025 to nearly 0.05. Increasing quartz content slightly improves the 
power factor. The introduction of carbon black greatly reduces the resistivity of rubber. Carbon 
black is, however, the best filler from a mechanical standpoint: a several-fold increase in the tensile 
strength is produced. Rubber compounds absorb water, which causes an increase of dielectric con- 
stant and power factor, and decrease of resistivity, but on long immersion the power factor may de- 
crease again. Water absorption can be considerably lowered by extended washing of the crude rubber 
to remove water-soluble matter and by the use of water-insoluble fillers such as silica, zine oxide, or 
hard rubber dust. Absorption of water is less in sea water than in distilled water. The usual grade of 
wire insulation contains 20 per cent minimum of rubber; better grades have 30 per cent, and high grades 
40 per cent. Covering of portable cords, etc., subject to mechanical wear may contain up to 60 per 
cent. The mechanical and dielectric strength of rubber is lowered by the action of oxygen and more 
rapidly by ozone which is present in corona discharge: the rubber cracks when normally vulcanized 
and may melt if the temperature is high and the compound is undervuleanized. In order to improve 
the resistance to oxygen, organic compounds, such as diphenylamines or hydroquinone, known as 
antioxidants, are added in small percentage. Rubber stocks are tested for this defect under 300 lb 
per sq in. in oxygen gas at 70 deg cent and by contact with ozone at atmospheric pressure. Stretching 
the rubber under test seriously increases the rate of ozone attack. Ultraviolet light also sharply accel- 
erates the combination with oxygen. Heat deteriorates rubber rapidly; 49 deg cent is the maximum 
operating temperature for Code rubber insulation. Performance grades are satisfactory at 60 deg cent, 
and heat-resistant grades at 75 deg cent. Rubber is swelled quickly and eventually dissolved by hydro- 
carbon solvents and oils. Special grades are available which minimize this defect. At low tempera- 
tures a low-sulfur rubber compound is no longer elastic, and a piece stretched and cooled to —20 deg 
cent or lower will not return to its original length until the temperature rises. The power factor alsc 
increases sharply to a maximum in this region, with a value over 10 times the value at 20 deg cent, 
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indicating a change of state in the compound. The power factor also rises with increasing temperature, 
but less rapidly. 

Rutile (TiO2). A particular crystalline form of titanium dioxide, with a dielectric constant of 80 
to 110, which is used in the manufacture of high-dielectric-constant ceramics. 

Saflex.* Monsanto Chemical Co. Polyvinyl butyral. 

Saran.* Dow Chemical Co. Vinylidene chloride. 

Saturated Sleeving. Cotton sleeving impregnated with thin varnish or compound which does not 
fill completely the interstices of the fabric. Dielectric strength is low, and resistance to humidity is 
poor. It is valuable mainly to space conductors apart. 

Scotch Tape.* Minnesota Mining and Mfg. Co. Pressure-sensitive, non-corrosive electrical tape 
with various backing materials. 

Shellac. Produced by the insect Tachardia lacca, which attaches itself to numerous species of trees 
native to India, Indo-China, and Siam, and excretes the resin at several parts of the 6-month life cycle. 
The kusmi tree is the most valuable host to the parasite lac insect since the lac therefrom is of higher 
quality. Crude lac consists of about 75 to 85 per cent resin, 2 to 4 per cent dye, 1 to 2 per cent ash, 
2 to 3 per cent water, and 9 to 15 per cent residue and dirt. The natives wash the crude lac, dry it, and 
press it through a bag with the aid of heat. The mass is plastered into a sheet on a heated object and 
stretched while still hot. After it cools it is broken into flakes and shipped in bags. Native shellac is 
sometimes adulterated with rosin. Machine-made shellac is extracted by various processes employing 
solvents or heat. Refined shellae contains over 90 per cent resin, from 3 to 5 per cent of wax, 1 to 2 
per cent moisture, and 1 to 5 per cent of matter insoluble in alcohol. Shellac is sold in many grades 
which are principally determined by the color. D.C. is a very high grade, free from dirt. Superfine is 
made from best kusmi lac. Fine and Standard No. 1, T.N., and garnet lac follow in descending order 
of quality. Rosin is limited by trade standards to 3 per cent maximum except in garnet shellacs which 
may sometimes contain 20 per cent. Machine-made shellac is graded somewhat differently. One 
manufacturer’s grades are Fine, Superfine, and ABTN. All are hard, pure shellacs. BB is used for 
blending, and amber where a light color is required. Completing the list are: T.N.S. pure orange shel- 
lac, various grades of T.N. shellac, and garnet. Machine-made garnet is low in wax and rosin, and is 
valuable for insulating use. Shellac is naturally variable in quality, depending on the source and 
methods of collection. A small amount of orpiment (arsenic sulfide) is added to some orange shellac to 
lighten the color. Orpiment is insoluble in solvents, but otherwise usually has no beneficial or harmful 
effect. Shellac has been used for some time in hot molding compounds, in insulating varnishes, and 
as a binder for composite insulations of paper, mica, etc. Various mineral fillers, such as asbestos, 
powdered mica, clays, marble, and wood flours, are blended with shellac on rolls in a manner similar to 
rubber compounding. The material is sheeted off the rolls, and blanks are cut to size. The preheated 
blanks are usually molded in steam-heated molds at about 160 deg cent under hydraulic pressure for 
about 1 minute, the dies are then chilled with water, and the piece is removed. Little or no chemical 
action takes place. The finish is excellent if the mold surface is polished, but parts can be polished sub- 
sequently. Accuracy of molding is about the same as that of phenolic moldings, and the dies are much 
the same except for the cooling feature. The moldings have good weather resistance and are fairly 
impervious to moisture, but they are somewhat brittle at low temperatures and soften at 75 deg cent. 
It is not well known that shellac is somewhat thermosetting under certain circumstances. Long- 
continued heating above 100 deg cent will solidify the melted shellac to a tough, horny mass. This 
action is accelerated by increased heat and by hexamethylenetetramine, aluminum chloride, urea, and 
other agents, and is retarded by alkalies, alkaline salts, aniline, and other substances. (See Bulletin 14, 
Indian Lac Research Institute.) Shellac is soluble in alcohols and ketones, and the solutions are used 
for varnishes and cements. Shellac loses solubility on standing for long periods of time, and the plas- 
ticity is also decreased somewhat. The flexibility of shellac films may be increased by plasticizing with 
castor oil or tricresyl phosphate. 

Silaneal.* Dow Corning Corp. Silicone treating fluid for ceramics. 

Silastic.* Dow Corning Corp. Silicone rubbers. 

Silica, Fused. Fused silica is similar to translucent fused quartz in its properties, but it is not made 
from as pure a sand and usually contains some iron. It is an excellent insulator. 

Silicones. Silicones are a class of organo-silicon compounds with a chemical structure analogous 
to that of hydrocarbons, but with the carbon atoms of the chain replaced by silicon atoms with an 
oxygen atom inserted in each bond between the silicon atoms. By attaching various hydrocarbon 
chains to each silicon atom, and varying the chain length by different polymerization procedures, fluids, 
greases, plastics, and resins are produced. The general properties of silicones compared to those of 
hydrocarbons are: (1) improved heat resistance; (2) smaller change in viscosity with temperature; 
(3) resistance to oxidation; (4) resistance to arcing; (5) high flash and fire points. In common with 
some hydrocarbons, they have low power factors and are water-repellent to a high degree. Silicone 
fluids are available in viscosities from 0.65 to 1000 centistokes at 25 deg cent, and in volatilities from 
nearly zero to approximately that of water. They have dielectric constants of 2.4 to 2.75, and power 
factors of 0.0002 from 100 cycles to 10 Me, rising to 0.0006 at 100 Mc. Power factor increases with 
temperature but is always less than that of a good grade of mineral oil. Silicone fluids may be used to 
treat glass or ceramics (Silaneal;* Dri-film *) to produce a water-repellent surface, giving a greatly 
increased surface resistivity under condensation conditions. Silicone greases (DC No. 4 Ignition Seal- 
ing Compound) may be used to fill connectors to prevent arc-over, corona, or leakage, or to render 
surfaces water-repellent. Silicone resins are used in conjunction with glass textiles to form heat- 
resistant boards, cloths, and wire insulation, and in the form of varnishes for coil impregnation, Sili- 
cone rubber (Silastic *) is heat-resistant to 250 deg cent, remains flexible down to —55 deg cent, and 
has good dielectric properties. 
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Bass, 8S. L., and T. A. Kaupp, Proc. I.R.E., Vol. 33, 441 (July 1945). 
Johannson, O. K., and J. J. Torok, Proc. I.R.E., Waves and Electrons section, Vol. 34, 296 (May 
1946). 

Norton, F. J., Gen. Elec. Rev., August 1944. 

Silk. Silk is obtained from cocoons spun from double continuous filaments secreted by the “‘silk- 
worm,” which is the larva of the Bombyx mori and other moths. The fiber is unwound from the cocoon 
by hand, usually scoured (degummed) to remove the natural sticky gum or wax, called sericin, which 
cements the duplex filaments, and twisted into thread. Cultivated silkworms are fed on mulberry 
leaves; wild silkworms give a coarser quality known as tussah silk. Orgazine silk is from the best 
selected cocoons, and tram silk is from the poorer cocoons. Floss silk is spun from broken lengths of 
filaments. Silk for insulation should be free of loading materials and as well washed as possible, since 
thorough washing greatly improves the insulating qualities. Silk is used in the form of cloth and tapes, 
plain or varnished, and as wrapped or braided insulation on wires. Silk insulation for a given dielectric 
strength is thinner than cotton and has somewhat higher insulation resistance and lower dielectric 
constant but is not as resistant to heat. Silk flock is sometimes used to add strength to molding 
compounds. 

Sisal Hemp. A bast cordage fiber obtained from the leaves of the century plant or agave. In 
strength and length of fiber it is inferior to manila hemp. It is used to some extent in making paper 
and pressboard, and for reinforcing large molded laminated parts. 

Spauldite.* Spaulding Fibre Co. Phenolic laminates. 

Steatite. Principal ceramic used for radio apparatus. Made chiefly from magnesium silicate 
which, after firing, forms clinoenstatite crystals. Low water absorption and excellent electrical prop- 
erties are characteristic. Special grades (L-5) are available with even lower losses than standard or 
regular grades (L-4 or L-3). Specifications: Joint Army-Navy Spec. JAN-I-10, Grades L-3, L-4, or L-5. 

Styraloy.* Dow Chemical Co. Elastomeric polystyrene copolymer. 

Styramic.* Monsanto Chemical Co. Polystyrene and chlorinated diphenyl molding compound. 

Styramic H. T.* Monsanto Chemical Co. Polydichlorostyrene molding compound. 

Styrene. Volatile liquid monomer, also known as vinyl benzene, used for manufacture of poly- 
styrene, Buna S rubber, and other plastics. Polymerizes spontaneously in time to polystyrene or 
more rapidly with the aid of heat or a catalyst. It also is used as a fully reactive constituent in poly- 
ester laminating liquids so that no solvent evaporation is necessary. 

Styrofoam.* Dow Chemical Co. Expanded polystyrene. 

Styron.* Dow Chemical Co. Polystyrene of various types. 

Synthane.* Synthane Corp. Phenolic laminates. 

Tefion.* EE. I. du Pont de Nemours & Co. Polytetrafluoroethylene products. 

Tegit.* Garfield Mfg. Co. Asbestos coal-tar moldings. 

Tenite I.* Tennessee Eastman Corp. Cellulose acetate. 

Tenite II.* Tennessee Eastman Corp. Cellulose acetate-butyrate. 

Textolite.* General Electric Co. Phenolic and other molded or laminated products. 

Thalid.* Monsanto Chemical Co. Low-pressure or contact laminating resins. 

Thiokol.* Thiokol Corp. Polysulfide rubbers. 

Transite.* Johns-Manville Corp. Portland cement and asbestos molded products. 

Tuf-flex.* Libby-Owens-Ford Glass Co. Tempered glass. 

Turx.* International Products Corp. Glass-bonded mica. 

Urea Resins. Reaction of urea, CO(NH2)2, and formaldehyde produces methylol ureas which are 
water-soluble. Paper, alphacellulose, cloth, or wood is impregnated with solutions and cured with 
heat and catalysts to a thermosetting, water-insoluble plastic. Urea moldings are light weight, rigid, 
and hard. They have high dielectric strength, good are resistance, and moderate electrical losses. 
Impact strength is lower than that of phenolic materials. Translucent moldings in any color may be 
obtained. Specifications: ASTM D705. Trade names: Beetle, Plaskon. 

Varnishes, Insulating. Varnishes are generally classified according to composition, as oleoresinous 
or “oil varnishes” and ‘‘spirit varnishes,” but some commercial types do not fall strictly into either 
class. Oil varnishes are made by combining a resin, commonly a copal, with a drying oil. It is usually 
necessary to melt or “‘run”’ the resin before adding the oil to get a clear solution. Varnishes with a 
high oil content are known as “‘long-oil’” varnishes; they are slow drying but deposit very flexible films. 
“‘Short-oil” varnishes have high resin content and deposit a hard film. Oil varnishes harden as a result 
of oxidation and polymerization of the drying oils, such as linseed, tung (China wood), or soya bean, 
and often of the resin or asphalt as well. Drying is accelerated by adding small percentages of cata- 
lytic agents, called ‘‘driers,” usually in the form of resinates or linoleates of cobalt, lead, or manganese, 
which increase the rate of oxidation. Short-oil varnishes will air-dry in 4 to 18 hr, depending on the 
type, to a reasonable degree of hardness. Long-oil varnishes will not air-dry in a reasonable time. By 
baking at 100 to 110 deg cent the drying time can be shortened to 2 to 8 hr because of the faster oxida- 
tion. Baking produces a harder film and gives better adhesion to the object. It also serves to drive 
out moisture from fibrous materials which are being treated, and to improve the dielectric properties. 
Many modern insulating varnishes contain synthetic resins of the phenol-aldehyde or alkyd type which 
give hard durable films as the result of the thermosetting of the resins during baking. Thermosetting 
resins are also used dissolved in “‘spirit’’-type solvents instead of oils, yielding a moderately hard film, 
on air-drying, which is increased in hardness and durability by baking. The dielectric properties of 
the synthetic resin varnishes are usually excellent. Asphalts are used with resins in some black oil 
varnishes and without oil or resin in the so-called asphaltum varnishes which are merely solutions of 
asphalts in benzine or other hydrocarbons. These varnishes dry principally by evaporation, but the 
last traces of solvent leave the asphalt very slowly, and if the object is heated to drive off the solvent 


many of the asphalts will oxidize and polymerize to a certain extent, producing a fairly hard film. 
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Spirit varnishes dry by evaporation of the solvent, leaving a film of the dissolved resin, asphalt, or 
gum. Cellulose nitrate and acetate varnishes are in this class but are usually considered separately 
as ‘‘lacquers.’’ Many of the resins leave a brittle film when used alone so that a soft gum or plasticiz- 
ing agent like castor oil is usually added to give the necessary flexibility, except in shellac which ordi- 
narily does not need plasticizing. The principal spirit varnish resins are shellac, manila copal, dammar, 
mastic, kauri, and sandarac. The solvents and thinners used are alcohols, esters, hydrocarbons, and 
turpentine. Spirit varnishes are commonly air-drying, although the evaporation of the solvent is often 
hastened by moderate heating. Spirit varnishes are generally not used for impregnation but are com- 
mon for external coats and for sticking, and for bonding of mica and other materials. For external 
coating work, varnishes are applied by spraying, dipping, roller coating, or brushing, depending on the 
nature of the work. For impregnation, dried articles are dipped while still hot into a varnish of low 
viscosity and low surface tension to insure thorough penetration. Dipping time must be determined for 
each article by experiment. A much better impregnation is secured by drying coils in a vacuum and ad- 
mitting the varnish to the work container, then ‘“‘breaking” the vacuum and applying pressure. Impreg- 
nated coils should be drained and baked at 100 to 110 deg cent for a period sufficient to harden the 
varnish film. Higher temperature tends to disintegrate fibrous materials in prolonged baking, and 
lower temperatures do not remove moisture. For short drying schedules, temperatures up to 150 deg 
cent are sometimes employed satisfactorily. Objects should be exposed to fresh currents of air during 
drying in order to remove solvent vapors which retard hardening. For methods of testing dielectric 


strength, heat endurance, and oil proofness, see ASTM D115. 


Varnished Cloth. A suitable fabric coated with yellow or black insulating varnish so that the 
fibers are thoroughly impregnated. Varnished silk usually is from 0.003 to 0.005 in. and cotton from 
0.005 to 0.040 in. thick. Tensile strength of cotton-base cloth per inch width of warp runs from 45 to 
100 lb, and Elmendorf tearing strength across the warp varies from 100 to 300 grams. Dielectric 
strength usually runs from 800 to 1500 volts per mil. 

Varnished Tubing. Commonly called “‘spaghetti,’’ magneto tubing, etc., according to manufacturer 
and grade; made by coating, or impregnating and coating, cotton sleeving with varnishes. ASTM 
Specification D372 distinguishes three grades (see specification for details). Grade A is generally known 
as flexible varnished tubing, or motor and transformer tubing, or impregnated magneto tubing; it has 
a@ minimum dielectric strength of 7000 volts average. Grade B, generally known as ‘‘radio spaghetti,” 
has a minimum average dielectric strength of 4000 volts. Grade C is similar to saturated sleeving, and 
its dielectric strength is lower. 

Vibrin.* Naugatuck Chemical Co., Div. U. S. Rubber Co. Liquid polyesters and cross-linking 
monomers. 

Vinyl Plastics. An extremely important class of thermoplastic resins, composed of linear chains 


formed by the polymerization of monomers of the general type (cuzc¢?) - The result is a con- 
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If group X is and group Y is the product is 
hydrogen hydrogen polyethylene (Polythene *) 
hydrogen chlorine polyvinyl chloride (Geon *) 
chlorine chlorine polyvinylidene chloride (Saran *) 
hydrogen hydroxy (—OH) polyvinyl alcohol 
hydrogen phenyl (CsH;—) polystyrene 
hydrogen carbazyl (CjzgHsN—) polyvinyl carbazole (Polectron *) 
hydrogen acetoxy (CH3-CO-O—) polyvinyl acetate 


methyl (CH3) methylearboxy (CH30-OC—) methyl methacrylate (Plexiglas,* Lucite *) 


If mixtures of two monomers are copolymerized, a copolymer such as polyvinyl chloride-acetate is 
produced in which all the Y’s are hydrogen, most of the X’s are chlorine, and the remainder of the X’s 
are the acetoxy group. The polyvinyl formals are a general group of polymers with modified chains 
constructed like this: Spat 2 gr eee a i 
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If group Z is the product is 
hydrogen polyvinyl formal (Formez,* Formvar *) 
methyl (CH3—) polyvinyl acetal (Alvar *) 
butyl (C3H7—) polyvinyl butyral (Butacite,* Butvar,* Saflex,* Vinylite* X) 


Of course, different conditions of temperature, pressure, catalyst, and carrier solvent or emulsion are 
required for each case, and the length of the chain of molecules is varied to suit requirements by altering 
these conditions. Only those plastics with vinyl in the product name are usually classed as vinyl plas- 
tics, but by this illustration the relationship of many of the thermoplastics is immediately apparent. 
Vinyl Ch.oride. Perhaps the most important vinyl plastic from a tonnage viewpoint, vinyl chloride 
is very extensively used for hook-up wire insulation, cable jackets, insulating tubing, and tape. It is 
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also employed for non-rigid or elastomeric molded parts since it has rubberlike characteristics when 
plasticized properly. The amount and kind of plasticizer may be varied over wide limits to form com- 
pounds ranging from hard, stiff, non-extensible plastics, to limp, flexible, and high-elongation products 
resembling rubber. The electrical properties and inflammability likewise vary with the kind and amount 
of plasticizer, but, in general, these resins have a rather high dielectric loss and a lower insulation re- 
sistance than those of rubber compounds, although they have a high dielectric strength. Wire insulation 
for operating temperatures of 80 deg cent is now available, although 60 deg cent has been the limiting 
temperature for most older compositions. These compounds are nearly non-inflammable and do not 
oxidize like rubber but are subject to some stiffening due to loss of plasticizer with time. Except for 
flexing at low temperature the life should be very long. Specifications for resin: ASTM D728. Trade 
names: Flamenol, Geon 100 series, Vinylite Q series, Koroseal. 

Vinyl Chloride-acetate. This resin is similar to straight polyvinyl chloride resin except that about 
5 per cent of the resin may be vinyl acetate, which improves the processing and extrusion characteristics 
and reduces the amount of plasticizer required. Uses and characteristics are similar to those of poly- 
vinyl chloride, but in addition these resins are used for rigid, transparent, or colored sheets of high 
dimensional stability and good electrical properties. These resins also have proved to be very success- 
ful for high-quality phonograph records and for manufacture of textiles (Vinyon). Specifications for 
rigid sheet: ASTM D708; for non-rigid resin: ASTM D742. Trade names: Vinylite V series. 

Vinylidene Chloride. Similar to vinyl chloride resins but contains more chlorine, is harder, and is 
capable of orientation by drawing or other cold work to increase the tensile strength. For molding 
purposes, it is commonly copolymerized with 10 per cent of vinyl chloride to serve as an internal plas- 
ticizer. Though the electrical properties are not outstanding, the strength, toughness, and non-inflam- 
mability of this plastic have made it valuable for fungus-resistant cable braids and ropes, as tubing for 
water cooling, etc. Specifications for molding compounds: ASTM D729. Trade name: Saran. 

Vinylite.* Carbide and Carbon Chemical Co. Vinyl resins, of which various grades are distin- 
guished by suffix letters. 

Vinyon.* Carbide and Carbon Chemical Co. Polyvinyl chloride-acetate textiles. 

Vistanex.* Standard Oil Co. of N. J. Polyisobutylene. 

Vitreosil.* Thermal Syndicate, Inc. Fused silica. 

Voltron.* Industrial Synthetics Corp. Vinyl tubing and tape. 

Vulcabeston.* Johns-Manville Corp. Asbestos with rubber or gum binder. 

Vulcoid.* Continental-Diamond Fibre Co. Resin-impregnated vulcanized fiber. 

Vycor.* Corning Glass Works. High-silica glass. 

Waxes. Waxes are of three origins: animal, vegetable, or mineral. The principal animal waxes 
are: beeswax, m.p. 63 deg cent; wool wax, m.p. 35 deg cent; spermaceti, m.p. 49 deg cent; insect or 
Chinese wax, m.p. 81 deg cent. The principal vegetable waxes are: carnauba, m.p. 85 deg cent, and 
candelilla, m.p. 68 deg cent. The principal mineral waxes are: montan, m.p. 72 deg cent; ozokerite 
refined to form ceresin, m.p. 65-73 deg cent; paraffin waxes obtained from petroleum. Waxes in 
general are not ‘‘wetted’”’ by water and are very resistant to penetration by moisture. Ceresin and 
non-crystallizable high-melting-point paraffin waxes such as Superla,* Syncera,* and Cerese wax * have 
higher insulation and moisture resistance than the low-melting paraffins and the animal and vegetable 
waxes. Waxes which crystallize, such as montan, have a tendency to crack and admit moisture by 
capillary action; mixture with a soft wax or resin usually minimizes this tendency. Wax compounds 
are hardened and the flow point raised by incorporating rosin or other resins and higher-melting waxes 
such as ceresin, montan, or carnauba. Most naturally occurring waxes have low dielectric constants 
and low power factors as well as high resistivity. Synthetic waxes made by chlorinating naphthalene 
or paraffin have somewhat higher dielectric constants and losses. Long heating of liquid waxes at 
high temperatures in contact with air tends to cause decomposition and development of acidity, par- 
ticularly in the presence of copper, which acts as a catalytic agent to increase oxidation markedly. 

Zircon Porcelain. This material consists chiefly of zirconium silicate with addition of small amounts 
of clay and metallic oxides to aid in manufacture. It has higher mechanical strength than other 
electrical ceramics, and a lower coefficient of expansion than all but cordierite. It is extremely re- 
sistant to thermal shock. The electrical characteristics at radio frequencies are excellent, except that 
the dielectric constant is 50 per cent higher than that of steatite and changes more rapidly with tem- 
perature, The resistivity at high temperatures is about the same as that of steatite and is superior 
to that of cordierite and high-voltage porcelain. 


6. LIQUID DIELECTRICS 


Dielectric Constant. The dielectric constant of liquids ranges from about 1.5 to almost 
100. Non-polar liquids at room temperature have constants of 1.84 to 2.3, which are 
nearly equal to the square of the index of refraction. The dielectric constants of non-polar 
liquids are independent of frequency and vary only slightly with temperature, owing to 
thermal expansion. On the other hand, polar liquids have higher dielectric constants 
which vary to a marked degree with temperature and frequency in certain regions. When 
a polar liquid freezes, part of the influence of the dipoles is lost and the dielectric constant 
drops very sharply. High rates of change in dielectric constant with frequency or tempera- 
ture are normally associated with high power factors at the same frequency and tempera- 
ture. The dielectric constants and dipole moments of some liquids are shown in Table 2. 


ea a eh a eh ee ee 
* Trademark names. 
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Table 2. Dielectric Properties of Liquids 


Temper- 
EOS Wave- | Dielectric aes eee 
ature, oeffi- Moment, | Conductivity, 
Substance deg length, | Constant cient of K, 10-48 mhos/cm xé 
cent em (K) 1 0-47°C eau 
(negative) 
IN COCONO ware neycreicte ter sce Rouster a | — 80 -) 33.8 = = = 
Ss? a a, ee Ok ee 0 re) 26.6 = = 3 
ee CERO UT ITER IOS COTE: +15 1200 21.85 = = = 
ee, CRTC ROE A CIR IG aR 17 73 20.7 — ee A 
MM, Mes Noes eohehavaed 25 cr) Ae} - 2.75 6 xX 107-8 
Fah (Ohl b bs Ve preg ocienn Siscere c —191 © 1.43 = 0 a 
Amyl acetate. «i... 0s os. 6.0 19 C) 4.81 24 1.91 = 
Amy caleohollntcciciore thc. 20 C) 16.0 _ az, = 
- ENTE HOTS CRTTOe 18 200 10.8 — = = 
“ ae ee Go ae arene 18 73 4.7 = _ Es 
MASLIN seerer asc cersveloue ©: exererane sre 18 C) aoe 35 1.56 2.4 x 1078 
Benzene aoe tee es cee ae es 20 co 2.282 8.6 0 7.6 X 105% 
n-Butyl alcohol............ 20 c) 17.4 76 1.65 — 
Butylstearate: soc... dhs < 25 cy 3.3 = = = 
Carbon dioxide (liquid)..... —5 0 1.60 - 0 =— 
Carbon tetrachloride....... 20 © 223 1225 0 4x 10718 
Wasbormowet sede schists, Desostis 11 C) 4.67 107 + 1.7 x 10711 
Chlorinated diphenyl 
WOODS tans o1cetereisrsvetevese.e.0.c I} c 5.8 163 - - 
VISCOUSMem seis ieis cea eae 25 C) 5.05 133 — = 
Chlorobenzene............ 20 C) yal} 31.0 1.56 - 
Chloroformarensetens)s eke oes 20 C) 4.84 39.0 aa <2 10a. 
Cumenendenscickings «ae ean 22 0 Dee - 0.4 — 
Cyclohexane.......0.....% 20 ey 2.41 8.6 0 és 
CYMENe: losve ois cleie.s Sasidh ie 22 C 235 - ? <2 (Ome 
Decahydronaphthalene..... 20 ) 2.26 6.6 0 — 
WCAC! lesrcmcl cis aoa as 20 c) 1.991 6.7 — 
Decvilene sy. chemise acto ne oe 17 -) Deal - — = 
o-Dichlorobenzene......... 20 c) 10.2 45 PIS) _ 
m-Dichlorobenzene........ 20 c) Seilit 28.0 1.48 — 
Dodecanéaide cei certs ve 20 C) 2.017 7.4 — 
Ethyl abietate............. 20 ) 3.95 ca. 20 + — 
Esthylacetater yrs seisierse.s + 20 Cs 6.15 = 1.85 <1 x 1079 
Et by lalcohollcvci.s <ttovere sis0. 6 Frozen % Qian — — — 
< eT vate, she shovere sieve — 120 ) 54.6 —- — = 
LY ae SE Ntechiewe oo 3 — 80 © 44.3 —- - = 
iy te SMa te Mee — 40 ) 35.3 — = = 
f Joie tyra ht sh MN PE 0 c) 28.4 - - = 
e Lee Ey ort CO aT +20 C 25.8 63.0 1.68 eS x<el0me 
oe ETOYS Oe OR EIOS 17 200 24.4 — — = 
us hae aby stators» braietexans 17 75 23.0 — — as 
B Sinai pel mii etna abe 17 53 20.6 — — — 
@ See eoeseeato Sanne 17 4 8.8 — — = 
e IUPOMON cs ee ote hse tore 17 0.4 5.0 — - = 
Ethyl benzene............ 22 c) Dae - 0.5 — 
Eithyliether tare ctatieebienar ace 20 c) 4.4 46 1.15 <4 x 1078 
Ethylene glycol........... 20 co 38.8 - 2.28 Bo (Ory 
Gly.cerine. iio aeyay crass 0 cers 25 oo 43.0 ca. 52 -- 6.4 x 1078 
a RE aoe eee ae 15 1200 56.2 = + _ 
Sis: daa Deaton sit athe: aaa 15 200 39.1 - - - 
CREME Teves cx satel ace) serene rete 15 75 25.4 - - — 
FIER itees te ccetc sie ete ‘ - 8.5 4.4 - - _ 
STARE EGS - 0.4 2.6 - — = 
Heptane ti scicle alsinl <psicl evar: its 20 cc) 1.926 8.6 0 4x 10718 
Hexane...... aighart dae arefis 20 co 1.890 9.0 0 4x 10718 
Hydrogen (liquid)......... — 258.4 0 1.241 - 0 — 
BSOTOSORGr sey, fd cae. ciao be 25 oo ca. 2.1 — ? <a lOn® 
VUCSIOVIONOs ceveciciepaicls fetes, < 22 c-) 22 — 0 
Methyl alcohol............ Frozen ro) 3.07 — = a 
o Be A arn ah bed — 100 © 58.0 - — = 
4 AN REM TIS —50 ) 45.3 - _ —- 
fog etedys Be GHAC 0 C 35.0 - - - 
£ Cb ts stot cpetisions te pete +20 c) 31.2 57 1.68 4.4xX 1077 
Mineralious .4aiake ace an 20 co 2.191 4.7 1X 107536 
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Table 2. Dielectric Properties of Liquids—Continued 


Temper- 
Temper- n ature Polar 
sues Wave- | Dielectric Coeffi- Moment, | Conductivity, 
Substance idee) length, | Constant cient of K, 10-18 mhos/em 
cent ee (K) 1074/°C esu 
(negative) 
Nitrobenzene............. — 30 cc) Sal - - 
Se DON Se eionitiniee —13 co) 32) - _ 
Som 25s eters mere Ne —5 c) 3.4 - - 
Sate oP aieierateiarceveiara, <24 —4 cr) 3.8 - - 
4% Py ee On oS +15 C 37.8 - - 
Bead escceeeeenrs 18 co 36.45 3.9 2e<ah Oe 
6S) ol eae wae 30 ) 354 — — 
Nitrogen (liquid).......... — 208 cy 1.44 = 0 - 
OctanePyr.scetyeantserees 20 C) 1.949 7.6 0 - 
Olivexoil. (aaneie ees 20 <0 Zarit 36 - 2 x 10718 
Peamubtoill 4... a lett ia geeateslers 11.4 c) 3.03 - - - 
Pentand Mew cc hoveaswe Aes 20 c) 1.845 9.6 0 <2 x Onto 
Petrolewmis.1.)eivemetero cs) 4 - 2000 23 — _ 3 « 10718 
Petroleum ether........... 20 C) 92 - 0 - 
Phenolaeiic.0. cect sroie shen 45 c) 10.3 - Ve73: S1a7 <olog 
n-Propy] alcohol........... 20 cr) 222 53 1.66 5icorone 
I EAtauls beats Rey Once Cecco OES 22 oo i349 _ pal 5. Scales 
Quinoliness vcaepievirsies fale « 22 «0 9.0 - 2525 2.2 X 1078 
RRosimoilly ciisrtetssistectere oie 20 © 2.55-2.8 | ca. 22 _ - 
Silicone fluids 
DC 200, 200 centistokes. . 20 ) 2.76 34 0 10714 
DC 500, 20 centistokes... 20 cs) anil 31 0 10714 
Toluene?:s.s Geevlete suctsteeerdhts she — 83 C) 251 - - - 
SB sar, eats teveravatehs thee eh +16 c) 14,238) - — — 
aN a So ene Cea Se nee 19 73 231 9.8 0.52 <i aal One 
Muinpentinelys.- ateis store stahte sie 20 rd 2223 _ — 2x 10718 
MOV IENEC § 5 sie ee ierom ais Ale sis 18 c) 2.376 Sez 0.4 <I x 10745 
ham oS arsine ee Maes ons 17 73 Daf — — = 
MDa RVLONO fo, c:5. sve lo, /gicuatesibe.« 20 c) Dw) - 0 — 
Water (pure), frozen....... —18 5000 3.16 - — = 
¢ i Cae ee —5 1200 2.85 - - 1.6 X 1079 
ef Se liquid eeass.c +17 200 80.6 — = = 
2 f aortas 17 74 81.7 _ _ = 
e % CaaS. ARE 17 38 83.6 - _ = 
“2 G ae AOE 18 c) 81.07 — — 4x 1078 
- < oh Late 50 _ _ _ _ 1.7 x 1077 


Notes. A wavelength greater than 10,000 cm is denoted by ~. 
Zero indicates that substance has no polar moment. 
Plus sign indicates that substance is polar but value for polar moment was not available. 


D-c Conductivity and Resistivity. The d-c conductivity of liquids is ionic in nature 
and has a high positive temperature coefficient. Change in conductivity with temperature 
is expressed by 

G = Get? or G= Goer 


where Gb, a, and b are constants, T is the absolute temperature, and ¢ is the temperature in 
degrees centigrade for small temperature differences. Thus a plot of the logarithm of 
either conductance or resistivity against 1/T is a straight line, and against t is approxi- 
mately straight for small temperature intervals. The increase in conductivity with 
temperature is the result of an increase in ionic mobility arising from the reduction in 
viscosity. Log resistance-temperature curves therefore change slope at regions where the 
viscosity varies sharply, as at freezing or transition points. 

The conductivity of pure liquids may be increased enormously by small amounts of 
impurities or moisture which readily ionize in the particular liquid. Fortunately the 
degree of ionization is a function of the dielectric constant, so that the non-polar liquids 
having a low dielectric constant are less sensitive to impurities, especially in low concen- 
tration. The difficulty of preventing contamination of liquids of higher dielectric constant 
has effectively prevented their use for capacitors. The resistivities characteristic of com- 
mercially pure liquids are approximately in inverse relationship to the dielectric constants, 
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as is shown by the following table taken from The Properties of Dielectrics, by F. M. 
Clark, in the J. Franklin Inst., Vol. 208, 17 (July 1929). 


Table 3. Relation between Dielectric Constant and Resistivity 


Dielec- i = 
‘ pe Characteristic ines Characteristic 
Material Gre Resistivity, Material Cre Resistivity, 
ior ohm-cm ie ohm-cm 
Benzene....... 2.15 4.7 x 1012 China wood oil...| 3.5 | 0.08 x 1012 (100°C) 
Petroleum oils..| 2.2 10.0 x Loa (100° C)'} Castor oily. 5.5 .. 4.3 0.06 x 1012 e 
Paraffin wax...| 2.25 530 x 1012 Ethyl aleohol....} 25.0 | 0.3 x 108 (18° C) 
Cottonseed oil..| 2.9 0.2 x 1012 & Methylalcohol...| 31.0 | 0.14 x 10° f 
Asphalt... 00s Eye | Olen O12 0 aha Waters. deena S020 7a On ome a1 0° eae 
Linseed oil..... 353) 0.61 x 1012 4 


At very high voltage gradients, some evidence of a saturation range similar to that of 
gases has been obtained. With long applications of voltage, impure liquids undergo a so- 
called electric cleaning. This is due to a very low rate of ion production so that all ions 
are swept to the electrodes and the conductivity drops nearly to that of a pure liquid. 
Solid phases also are removed in some cases by cataphoresis, but the breakdown strength 
is usually affected to a greater extent than the conductivity. 

Dielectric Absorption and Losses. Liquids exhibit some of the phenomena of dielec- 
tric absorption shown by solids, but the rate of decrease of the initial current with time is 
much faster and normally is detectable only with an oscillograph. The characteristic 
“bound charge”’ of solids also is absent: the discharge current shows practically no evi- 
dence of absorption, except in highly viscous liquids of a mixed nature. 

The initial high current is reduced, owing to the accumulation of space charges in front 
of the electrodes. The resultant non-linear potential distribution can be measured with 
probes; or porous cells can be used to remove the space charges from the liquid for meas- 
urement. Although the absorption results in a higher a-c conductivity, the effect is of 
much smaller magnitude than that in solids, and the a-c losses are much lower. The non- 
existence of any discharge phenomena has been attributed to the absorption of space 

* charges by part of the electrode charges. 

The power factor of most commercial non-polar insulating liquids is low, ranging from 
0.0001 to 0.01. The power factor at 60 cycles is influenced by the d-c conductivity and 
may be expected to double for each 10 to 20 deg cent rise in temperature. At high fre- 
quencies, little change in power factor with temperature is to be expected with true non- 
polar dielectrics. Many mineral oils have some polar impurities which produce character- 
istic peaks in the power-factor curves at frequencies or temperatures where rapid changes 
in dielectric constant are occurring. 

For an excellent summary of the effects to be expected in polar substances, consult 
Dielectric Properties of Organic Compounds, by 8S. O. Morgan and W. A. Yager, Industrial 
and Engineering Chemistry, Vol. 32, 1519 (November 1940). 

Dielectric Strength. Breakdown in liquids, like that in gases, is not permanent, nor 
is the subsequent breakdown voltage necessarily reduced. Discussion of breakdown must 
be considered for two cases: pure liquids containing no dissolved or suspended gas, solid, 
or foreign liquid; and impure liquids. 

Breakdown in pure liquids probably occurs by an ionization process similar to that in 
gases and undoubtedly is aided by intense voltage gradients built up by space charges 
near the electrodes. Change in pressure has practically no effect, but increase in tem- 
perature decreases the breakdown strength, particularly when the boiling point is ap- 
proached. The time involved in the breakdown process may be as short as 10~7 see with 
sufficient overvoltage 

Impure liquids usually break down at much lower voltages for a variety of reasons, the 
most important of which is the presence of moisture or gases. The electric field tends to 
liberate dissolved gases, and, since the gas dielectric strength is only about one-tenth that 
of the liquid, the gas ionizes and starts the discharge. The harmful effects of moisture 
and gases are greatly increased by fibers or other suspended solid particles which absorb 
the impurity. Fibers, particles, or foreign liquids may form ‘‘bridges”’ or ‘‘chains”’ if the 
dielectric constant is higher than that of the liquid. Sometimes these bridges lead only 
to preliminary or ‘‘pilot’’ sparks which exert no effect on the breakdown. A very small 
percentage of impurity usually produces a marked lowering of breakdown strength, but 
larger percentages have only a slightly greater effect. Particles of carbon formed by arcs 
or sparks give but a small decrease, which is proportional to the concentration. 
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Although the breakdown voltage of pure liquids is linear with distance in uniform 
fields, that of impure liquids is considerably influenced by gap geometry. A horizontal 
gap gives lower breakdowns with impure oils than a vertical gap because of the difference 
in the ease of gas elimination. Small gaps are quite liable to breakdown by fiber bridges; 
long needle gaps are scarcely affected by most impurities. Increased gap area obviously 
results in lower average breakdown with impure liquids. 

The effect of temperature on breakdown of impure liquids depends on the kind of 
impurity. Materials of low dielectric constant are more readily expelled from the field 
as the viscosity is reduced by raising the temperature, but the conductivity of the liquid 
is increased. Moisture may be expelled, raising the breakdown. Pressure increases the 
dielectric strength by preventing gas elimination or vaporization of the liquid. 

Since formation of fiber bridges and gas elimination take an appreciable time, the 
strength of liquids to transient voltages is little influenced by these impurities. With 
steady-state currents, the strength increases slightly as the frequency increases up to 
1000 cycles, but may be as low as 30 per cent of the 60-cycle value at radio frequencies, 
probably on account of the heating effect. 

Commercial Oils. For service in which the liquid will be in contact with air, the use 
of mineral oil has been practically universal because of its stable nature and low cost. 
Since the breakdown of all oils is approximately 30 to 40 kv rms in a standard 0.1-in. gap 
between 1l-in.-diameter disks, little is to be gained by substituting other oils except a 
higher dielectric constant, which is obtained at the cost of lower resistivity. For hermet- 
ically sealed applications, such as capacitors, purified castor oil, with a constant of 4.7, is 
often used. Carefully purified, chlorinated hydrocarbons, such as ‘‘Pyranol,’’ with a 
constant of 4.5, are also employed for this purpose and have an effective advantage in 
being explosion-proof. 

Mineral oils must be carefully purified to remove unsaturated compounds which cause 
accelerated oxidation in service, resulting in low resistivity, low dielectric strength, high 
power factor, and the rapid development of sludge. Too drastic a purification, however, 
removes naturally occurring antioxidants in the oil, and stability is decreased. The oxida- 
tion of transformer oils may be avoided by the use of oxygen-free atmospheres above the 
oils as in the “‘Inertaire’”’ system. 

Filtration through diatomaceous earth is effective in increasing the resistivity of many 
liquids. Filtration through hard papers is commonly used for purifying and drying oils in 
transformer service. Oil should be filtered when the dielectric strength in the standard 
0.1-in. gap drops below 22 kv rms. A good oil will show 30 to 50 kv rms. Low-viscosity 
oils seem to have the highest dielectric strength, although the flash and fire points usually 
are lower. 

Testing methods for electrical insulating oils have been standardized by the American 
Society for Testing Materials; see ASTM D117. Typical properties for commercial oils 
are shown in Table 4. 


Table 4. Properties of Commercial Oils 


Mineral Mineral 
Property Trans- Capacitor Castor 
former Oil Oil Oil 

Density Paverage Mies os Me Lue cl aietoloes Cae oe ee 0.87 0.91 0.96 
Viscosity at 37.8° C (100° F), in Saybolt seconds, average... . 57 100 1400 
Blash point pinideg cent, minimumityicccs sso stele Hol efeielen ailente 133 149:2) arwilisiadeeess.c 
Fire point,;midegicent,, minim un... ence saieiteracicen eee 148 WAU er Aonaccocc 5 
Pour point,anaerceng.. maxim UM he. tarsi icin tieeiiieice — 40 — 40 —15 
Neutralization number, in mg KOH per gram, maximum..... 0.03 0.03 2.0 
Dieclectrie*constantin. «6 scclsicet ot te sete canter aie Phe) Pes? 4.7 
Power factor, at) 1002 Cland’ 1000'cyclestss sa. cee eee ee lice eae 0.0025 max 0.01 
Resistivity;.ohm-cmyablOOUC@ wenn eee seieeiseiceeeeee 4x 10!2 | >5 x 1012] 6.6 x 101° 
Dielectric strength, at 25° C, in kv, minimum............... 30 30 28 
Coefficient of expansion per deg cent...............0ceeeees 6.3e ORS 6S t eRe eee 
Thermal conductivity, in cal per sec per cm per deg cent..... 3 SlOn S| herve 4.3 x 1074 


Synthetic Liquids. Synthetic insulating liquids of the non-inflammable type are 
known as askarels, and a draft of proposed testing methods has been published in the 
Proceedings of the American Society for Testing Materials, Vol. 43, 353. These liquids 
consist of mixtures of various chlorinated diphenyls and tri- or dichlorobenzene so ad- 
justed that the pour point is reduced below service temperatures. The dielectric constant 
is about 4.2. Viscosity at 100 deg fahr is about the same as that of mineral transformer 
oils. Dielectric strength is slightly higher, and the fact that the liquids are non-inflam= 
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mable permits the use of large transformers without fireproof vaults. On account of the 
non-explosive nature of the liquid, the air space above it may be sealed from the atmos- 
phere with a safety diaphragm designed to relieve pressure if a fault occurs. Improved 
stability to oxidation and sludging is another advantage of these liquids. Trade names: 
Pyranol, Inerteen. 

Silicones. Silicone fluids are a recent development and are expensive (as of 1949), 
but they appear to be most promising as an insulating medium. Silicone liquids consist 
of chains of alternate silicon and oxygen atoms with various organic groups attached in 
pairs to the silicon atoms. Those with two methyl groups attached are dimethy] silicones 
(Dow-Corning DC 200 fluids). The viscosity increases with the chain length. These 
fluids are suitable for use from —40 deg fahr to 400 deg fahr. Another series (DC 500 
fluids) is serviceable from —70 deg fahr to 200 deg fahr. The general advantages of sili- 
cone fluids are: 


Low temperature-viscosity slopes. 

High flash and fire points. 

. Low volatility and negligible vapor pressure. 

. High resistance to oxidation and heat. 

. Lack of color, odor, or toxicity. 

Low power factor over a wide frequency range. 

. Non-corrosive to metals and non-solvent for rubber and plastics. 


NOP we 


The characteristics of these fluids are shown in Table 5. 


Table 5. Properties of Some Liquid Silicones (Dow Corning) 


Viscosity Viscosity Flash ; Refrac- 
: Grade, Temperature Freezing Boiling Point, Specific Coefficient tive 
Fluid centi- Coefficient Point, Point, deg Gravity of Thermal Index 
Type | stokes at ( Litt: V210° F ) deg cent deg cent cent | 25° C/25°C paDaReon 5 at 
25°C V100° F min Unit = 10°°/°C | 95° 
DC 500 1.0 0.37 —86 152760 mm} 37,8 0.818 1.451 1. 3822 
3.0 5 —70 ca. 800.5 mm | 107 896 1.170 1.394 
10.0 Suy/ —67 >2000.5 mm | 176 -940 1.035 1.399 
50.0 59 —55 >2500.5 mm) 282 955 1.00 1.402 
DC 200 100 60 See Note | | See Note 2 | 315 968 0.969 1.4030 
350 .62 a “« 329 .972 0.966 1. 4032 
1000 .62 os G 337 .973 0.963 1.4035 


Note 1. Recommended for use above —40 deg cent. 
Note 2. Less than 2 per cent volatile during 48 hours at 200 deg cent. 


Electrical Properties of DC 200 Fluids at 25 Deg Cent and 50 Per Cent 
Relative Humidity 


Frequency, | Dielectric | Power 
cycles per sec | Constant | Factor 


108 2.85 0.001 
108 2.83 . 002 
108 2.81 . 006 


Dielectric strength, 250-300 volts per mil 
Volume resistivity, 1 X 1014 ohm-cm 


7. GASES AS DIELECTRICS 


Dielectric Constant. The dielectric constants of gases are close to unity and nearly 
independent of frequency. The change in dielectric constant of dry non-polar gases with 
temperature or pressure is slight and may be calculated approximately from the equation 


Pp 


Steal Rte eS meree 


where A is a constant (2.12 X 10~ for air). 
p is the pressure in millimeters of mercury. 
t is the temperature in degrees centigrade. 
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Table 6. Dielectric Constant of Gases 


Temperature, Pressure, Dielectric 
Gas deg cent atmospheres | Constant Observer 
LNCS SOP, SPORT ORL ER DO 0 1 1.000590 | Boltzmann 1875 
Pe Oh Se Ot es rrogoe te 19 20 1.0108 Tangl 1907 
BE anon o tole) 8 aie aot s fie ea ea yess eel uel 40 1.0218 4 ¢ 
ey TREES See tee (SO Neen Se 60 1.0330 id ¢ 
HT ee SIRE HER HEROS OY AE 80 1.0439 io be 
SERPs ee ae eae sl etceh an ste ace ee ek 100 1.0548 5 ¢ 
Argon Aiea 23 1 1.000530 | Braunmuhl 1927 
Carbon dioxide....... 0 i] 1.000985 | Klemencic 
“ aE AOCOS 15 10 1.008 Linde 1895 
£ eae oe Cie eer ee 20 1.020 « i 
iy Sate Hee, heunl Nay since sskrage ate roma 40 1.060 * ¢ 
Carbon monoxide..... 0 1 1.000690 | Boltzmann 
PitHYONE. cine ec eels be. 0 1 1.0031 é 
Hy GrOgeM's eieisieismn cls cic 0 1 1.000264 a 
Methane eric cl cleters ever 0 1 1.000944 o 
Nitrogenigniesticlels se 0 1 POCOG Tire aetctecasyetessce. cere 
{tee a gat 0 1 T2000550 TEA. Sroete a eters 


Conductivity and Ionization. The conductivity of gases at low potential gradients is 
negligible in the absence of ionizing radiation, such as ultraviolet light or X-rays. If a 
sufficient voltage gradient exists, all the ions are drawn to the electrodes as fast as they are 
produced and the very small ion current is constant over a considerable range of gradient. 
Increasing the gradient beyond this saturation range accelerates the negative ions (or 
electrons) to a velocity which is sufficient to expel electrons from neutral gas molecules at 
each collision. 

If the number of ions liberated by the collisions exceeds the number of negative ions 
which are lost by recombination to form neutral molecules and by diffusion out of the field, 
the collision process is cumulative and the current increases continuously to breakdown. 
If the electric field is uniform, sparkover will occur, but if the high voltage gradients are 
confined to a small region, such as the vicinity of a pointed electrode, a local discharge, 
known as corona, occurs. Local discharges produce visible and ultraviolet light which is 
effective in increasing ionization throughout the field. This internal photo-ionization 
causes extremely rapid breakdowns of air gaps at sufficiently large voltage gradients. 

Corona. The production of a corona discharge requires a considerable current which is 
carried by ions of lower velocity in the dark regions of the field. A significant power loss 
may occur if the corona becomes appreciable. Corona is objectionable because it causes 
radio-frequency interference and produces ozone if oxygen is present. Ozone and the 
ultraviolet light from the discharge cause rapid deterioration of many solid dielectric 
materials, especially of rubber. Corona is normally prevented by operation at reduced 
voltages or by the use of suitable corona shields which are designed to produce a more 
nearly uniform voltage gradient throughout the air space. 

Dielectric Strength and Sparkover. Dielectric strength is the maximum potential 
gradient at the instant of sparkover or at the onset of corona. The gradient is determined 
by the geometry and spacing of the electrodes. Dielectric strength is influenced by the 
nature and purity of the gas, by the density of the gas, and to a lesser degree by the elec- 
trode material. When the mean free ion path between collisions is lengthened by lowering 
the gas density, the critical terminal velocity necessary for ionization by collision is at- 
tained with a lower potential gradient. The reduction in dielectric strength with decreas- 
ing density continues until the number of atoms between the electrodes is so small that 
very few collisions occur. If the density is still further reduced and the electric field is 
non-uniform, the sparkover will occur 
over some path longer than the short- 
Volts est distance between electrodes. If 
(d-c) Gas the field is uniform, the sparkover 
voltage will increase as the density 
decreases to very low values, until, in 
a high vacuum, gradients as high as 
6000 kv per cm may be obtained. The 
minimum in the sparkover voltage is 
independent of electrode spacing for uniform fields and depends solely on the nature and 


purity of the gas and on the electrode material. A typical set of values for various gases is 
shown in Table 7. 


Table 7. Minimum Sparking Potentials 


Hydrogen 
Nitrogen 
Oxygen 


Carbon dioxide. .| 419 
Helium 
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Sparkover voltage in uniform fields is a nearly linear function of the product of gas 
. density and electrode spacing (Paschen’s law). 


An empirical equation which reproduces the entire sparkover curve in air for uniform 
| fields, including the region around the minimum sparking potential, is 


293 
273 +t 


293 
3.000 + loge (os mai) 


404pS 


Va= + 300 volts (crest) 


where p is the pressure in millimeters of mercury. 
S is the electrode spacing in centimeters. 
t is the temperature in degrees centigrade. 


The calculation of the sparkover voltage for non-uniform fields is not simple; see F. W. 
Peek, Dielectric Phenomena in High Voltage Engineering, McGraw-Hill (1929) for extensive 
formulas and tables for this purpose. At spacings of the order of one-half the sphere radius, 

_ the sparkover voltage of a gap between equal spheres is slightly higher than for a uniform 
field, but as the ratio of spacing to radius increases the sparkover voltage becomes much 
less than for a uniform field. At ratios above 2, corona occurs before sparkover, but 
corona is not easily detected at 60 cycles until the ratio is about 8. Representative spark- 
over voltages for sphere gaps are shown in Table 8. 


Table 8. Sparkover Voltage in Rms Kilovolts 


Barometer 76 cm, temperature 25 deg cent 
Diameter of Spheres 


Gap Spacing 2cm 6.25 cm 12.5 cm 25 cm 
cm in NG * Gt NG G NG G NG G 
0.2 0.079 5.6 BG By Berane See RMe Wis dosay > orucetes Mate ‘dee bie ceuctl ledarte vavecersvey] cpote oars here Meneyete chalet 
0.25 O98 Bee cx cBpeue cnet] sehen cnoxsye\silfhi o sveasveus eilla = oudcobeyels 6.5 (ae iy |B e eer CR oes 
0.3 118 8.0 On Bie ararc 5 & ail oie. ate See ett aeiohale Ll Staterer ehate etl Sats charsre | epee eterel ene a 
0.4 158 10.3 ORS ca li epeittereteteyificteroke auch tne: | okecerar cuore ail leyatecenstets ce] ocereranevetecel | ieeekcteraye re 
0.5 197 12.5 4.) 12.0 12.0 12.0 12.0 11 11 
0.6 236 14.8 A OPES SI, SETA. Ramee LP AKU, in Malena topos Boe lo tatiel s See lorel ltasbtel eoveed 
0.7 276 17.0 NI OTOZ mee eee ll olor ots oko cei tinvexecototets to flere cectscsasitll locercvetevetaseu| suede stopovers 
0.8 315 18.9 TB AGER REAES A. Se lore acerchere’ eiltarciererereletel [inv e ara¥ete dt hee 6:6, eels 7s] ciate, eo esc 
0.9 354 20.8 2. Oo a | peters scetrera|| oneremee ters tell eters abet bevell tatawarcrstecera: || heeratavaratel| overetatemarars 
1.0 394 22.6 IMERY | 22.5 1 5) 22.0 22.0 22 22 
ie2 472 25.9 a ett art Meyers cc arate | tat cte acrerastevall ovehace ete se | lovelies el oke tel erates eerie 
.4 551 28.9 ZAMS? We bGne adblbocae ses) cooocoo chores c|lbcopsocalloooogocd 
is med H oo! lcacatecurscrecs aoe ae Ror 31.5 Ziied 31.5 Sie 32 32 
1.6 NO30) Sabra tests =e ae b Sta. cto! Int OAS Rai ibiercin cin Ino trees eocing alloacooDed 
A 709" Wins fortes BOE [ictrcre tte Wie lls ebeke scafiste er devenanekenell vs srezereea ssi licb eierer e,enetias|lsusueyonen erate 
ee BTB7 . Whe « Henke 0/0 evtervele « 41.0 41.0 41.0 41.0 42 42 
DNS OG Aiea Bee caWe gate ciral lerstenatcrateiro|| ntetevel ere ohe\|'si chore sietele,| ccavscern se lovel|octerae e¥es 52 52 
3.0 TORTS a Te ce Eta Sie 56.0 59.0 59.0 61 61 
4.0 VDT Die Mic PBs weiter ll Cres <n Manche 70.5 66.0 76.0 75.0 78 78 
540 1159.6 Siker tevs roy hota, |le ss. Phseaon's 81.0 73.0 91.0 89.0 96 94 
6.0 Dio DO 2 wre Nhe otc eostucyonss|Pucusrs¥ehene) © 89.0 79.0 105.0 102.0 112 110 
7.0 OBy Yaga al | SRS Cae 96.0 83.0 118.0 UZ OW Peis. cceceverei|'s aererst evens 
8.0 Shs a Ml praseryyally ioe OO. 102.0 88.0 130.0 PAN sca dee ales Or age 
9.0 PY Ca eee |e See 107.0 90.5 141.0 NAS a(Uiel| h Aaeianiss) ees Ger 
10.0 SCE Y (ne) (EVE, Giclee ras © 110.0 937-0 151.0 135210 171 166 
12.0 LV WX We S15 Hints st Seo (tc BALES VARIN RCT REC (CR 167.0 14708 Sires Mati letccre en's 
12.5 EOD ee | ecen mena | ee et van, [Eire nvate ts ell erecensiater sitet | eccteregenerers' listetctecetets cs 203 196 
15 Se OO G6? REE IM, Re a whe oS SPR 188.0 160.0 230 220 
Wf CRSP = 1S oe Bh eG (emacs lomo. 14 | (ant hs Ao 201.0 168.0 255 238 
20 TESTA aa oftege <tats:| eve told aie fell aeons setae ate caer ts 213.0 174.0 278 254 
22.5 SRG a Gime operat evenetieell scene toate cull hatcharoyahong | tacerevetane celtic tiphetoie ye. ltlanederene ez 297 268 
25 8:4 Samal ee are ciel lc ean ctcaavecss| (caatie ckeacitu | kare akexs tele as tonsl esha ce lisunsy senersus 314 280 
30 TSU aS vo cs Seale Feet ARALA De art ttn «| taco head: Wake Rak Ae Aber oi 6 sierieve 339 300 
40 SLADE ere ce eer tel ce dene iss callst onee arash real Siege cata sora lines Pana cece yet alone es 385 325 


Values from F. W. Peek, Dielectric Phenomena in High Voltage Engineering, 3d ed., McGraw-Hill 


Book Co. (1929). 


* NG = electrodes balanced to ground. 


+G 


= one electrode grounded. 
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Table 9 shows the influence of altitude on sparkover voltage at constant temperature 
for uniform fields in gaps of various lengths. The table also is approximately correct for 
closely spaced sphere gaps. Correction for the lower air temperatures shown is seldom 
warranted unless the actual temperature of the air in the gap is known. 


Table 9. Sparkover Voltages at High Altitudes 
Ratio of sparkover voltage to sea-level sparkover in uniform fields 


Sparkover Voltage at Constant 

Pressure Temperature 

Altitude, Standard Relative 

Unit = Air Temp, Pressure Gap Spacing, em 

1000 ft 0°c mm Hg in. Hg 

0.01 0.1 1.0 10.0 

0 +15.0 760.0 29.92 1.000 1.000 1.000 1.000 1.000 
5 +5.1 632.2 24.89 0.832 0.910 0.862 0.85 0.845 
10 —4.8 522/20 20.58 0.687 0.828 0.742 0.719 Onde 
15 —14.7 428.8 16.88 0.565 0.759 0.637 0.603 0.593 
20 — 24.6 349.1 75 0.459 0.695 0.545 0.505 0.493 
Ds, — 34.5 281.9 11.10 0.371 0.640 0.468 0.418 0.390 
30 —44.4 225.6 8.88 0.296 0.592 0.399 0.345 0.331 
35 — 54.3 178.7 7.04 0.247 0.552 0.340 0.283 0.268 
40 —55.0 140.7 5.54 0.185 0.517 0.291 09232 me 2h, 
45 —55.0 110.8 4.36 0.146 0.488 0.251 0.190 0.175 
50 —55.0 87.3 3.44 0.115 0.465 0.219 0.159 0.141 


The dielectric strength of gases is subject to large changes with impurities. At low 
pressures, 0.1 per cent of argon in neon gas reduces the dielectric strength by 75 per cent. 
Mercury vapor likewise lowers the sparkover voltage. At atmospheric pressure, the 
addition of small amounts of carbon tetrachloride or chloroform vapor increases the di- 
electric strength by 50 per cent. Table 10 shows the approximate relative dielectric 
strength of gases. Although Freon (dichlorodifluoromethane) has a higher relative dielec- 
tric strength, its vapor pressure varies from 9.3 psi at —40 deg cent to 139 at +40 deg 
cent, whereas the pressure with sealed-in nitrogen increases by only 35 per cent in this 
interval. Furthermore, if the Freon does break down, its decomposition products are 
corrosive and carbon is deposited. Dry, oil-pumped nitrogen is undoubtedly the best 
gas dielectric unless cooling is involved, which may necessitate the use of hydrogen. 


Table 10. Approximate Relative Dielectric Strength of Gases 


G Pressure in Absolute Atmospheres 
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At frequencies above 10 ke the dielectric strength of air decreases slightly. Owing to 
the low velocity of positive ions, they are not swept to the electrodes during one half cycle, 
so that they remain to distort the field on the next half cycle. At frequencies above 60 ke, 
a reduction of 7 to 13 per cent in breakdown voltage is to be expected, but no further de- 
crease occurs up to at least several megacycles. If the gap is illuminated with ultraviolet 
light, a decrease of 17 to 20 per cent is obtained. 


MAGNETIC MATERIALS 


By R. M. Bozorth and R. A. Chegwidden 


Of all the common elements only iron, cobalt, and nickel have magnetic properties 
greatly different from those of air or vacuum. The magnetic materials in common use 
consequently contain at least one of these elements and sometimes all three. These 


MAGNETIC CHARACTERISTICS 2-57 


materials, called ferromagnetic, make possible the operation of motors, generators, trans 
formers, and practically all electromagnetic devices. 

Non-ferromagnetic materials are of little importance on account of their magnetic 
properties. They fall into two classes: paramagnetic materials which are but slightly 
more magnetic than a vacuum, and are therefore attracted weakly by the poles of an 
electromagnet, and diamagnetic materials which are repelled weakly by an electromagnet 
Because the magnetic materials used in communication are almost without exception 
ferromagnetic materials, this article will be devoted to a description of this class. They 
may be divided into ‘high permeability’? (or magnetically ‘“‘soft’’) and ‘‘permanent 
magnet” (or magnetically “‘hard’’) materials. Ferromagnetic materials are commonly 
referred to as simply ‘‘magnetic’’ materials. 

The magnetic properties of materials depend primarily on the nature of the atoms which 
compose them. In magnetic materials the atoms are small permanent magnets that owe 
their magnetic moments to uncompensated spinning electrons lying in electron shells 
inside the atom. For a material to be ferromagnetic these shells must be incomplete (i.e., 
have spaces for more electrons than are present) and have an excess of electrons spinning 
in one direction, and the atoms must be arranged in regular fashion on a space lattice, 
with atom centers not too close together. The important elements whose atoms fulfil 

' these conditions occur in one part of the periodic table—they are iron, cobalt, and nickel. 
Gadolinium has been found to be ferromagnetic, and manganese and chromium can also 
give rise to ferromagnetism when alloyed or chemically combined with the right non- 
ferromagnetic elements. The Heusler alloys are composed of manganese, aluminum, and 
copper; in comparison with many of the alloys of iron, cobalt, and nickel, they are quite 
inferior from a practical magnetic standpoint and have had no commercial use. 

Magnetic properties depend also on crystal structure, state of strain, temperature, and 
other factors. 


8. MAGNETIC CHARACTERISTICS 


MAGNETIZATION AND PERMEABILITY CURVES. The properties of magnetic 
materials are usually described first of all by a magnetization curve such as that shown in 
Fig. 1. Here the magnetic induction, B, in a ring sample is plotted against the magnetizing 
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Fig. 1. Magnetization Curve and Hysteresis Fie. 2. Typical Permeability Curves for Hot- 
Loop for Annealed Iron Ring rolled 4 Per Cent Silicon Iron 


force, H. B is a measure of the amount of the magnetization; it is defined specifically 
below under ‘‘Definitions.”” H represents the magnetizing force required to produce the 
magnetic induction, B; it is usually measured in oersteds or in ampere-turns per inch. The 
magnetic induction is sometimes described in terms of the intensity of magnetization, J, 
equal to (B — H)/4m. The increase in induction due to the material alone is B — H, 
sometimes called the intrinsic induction; this quantity becomes important when the mag- 
netizing force is high, e.g., when determining B,, the saturation induction, highest attain- 
able value of B — H in a material. ! 

The ease with which a magnetic material can be magnetized is measured by the ratio 
B/H, called the permeability, u. Typical permeability curves plotted against B and H 
are shown for a sample of 4 per cent silicon-iron in Fig. 2. 
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In communication work, the permeability in low fields is especially important. Figure 3 
shows the characteristic u, H curves for several common materials; in the lowest fields the 


curves usually become straight lines. 
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Fig. 3. Characteristic u vs H Curves at Low Magnetizing Forces 


NICKEE 


Hysteresis Loops. Other important properties of magnetic materials are shown by 
the hysteresis loop produced when B is plotted against H, as H is increased to a maximum, 
decreased to zero, increased to a maximum in the negative direction, again reduced to zero, 
and finally increased to the first maximum as shown by the dotted line in Fig. 1. The 
values of B and of H at which this curve crosses the axes are called respectively the residual 
induction, B,, and coercive force, H,, as indicated in the figure. The area enclosed within 
the hysteresis loop is a measure of the magnetic energy transferred into heat during the 
cycle and is designated W;. Quantitatively 
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in ergs per cm’ when B and H are in gausses and oersteds, respectively. 
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Fic. 4. Minor Hysteresis Loops Shown at Various Points on the Major Loop for a Specimen of 4-79 
Molybdenum Permalloy 
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Demagnetization Curve. That part of the hysteresis loop that lies in the second 
quadrant, extending from B, to H, in Fig. 1, is called the demagnetization curve and is 
especially important for the description of permanent-magnet materials. This is de- 
scribed more fully in Article 10 and Fig. 10. Hysteresis loops which do not have equal 
excursions of H (and B) in opposite directions are unsymmetric or minor loops. Some of 
these are shown in Fig. 4. In a minor loop the ratio of the total change in B, AB, to the 
total change in H, AH, is called the incremental permeability ua = AB/AH. In the limit 
as AB and AH approach 0, the incremental permeability is the reversible permeability, py. 
This is sometimes referred to as superposed permeability, and is discussed in more detail 
in Article 15 (Fig. 24). 

Air Gaps. When an air gap is cut in a closed magnetic circuit, such as a ring sample, 
magnetic poles are produced on either side of the break, and the apparent permeability of 
the material is reduced because of the reluctance of the gap. The effect of even a small air 
gap in a high-permeability circuit may be very appreciable. See Fig. 5, and Fig. 19 of 
Article 15. 
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Fig. 5. Magnetization Curves and Parts of Hysteresis Loops Showing Effect of 0.005-in. Air Gap Cut 
in a Silicon Iron Ring 2-in. I.D. by 3-in. O.D. 


Eddy-current Loss. When magnetic fields are varied with some rapidity, as they are 
in most machinery, the material is subject not only to the hysteresis loss already described 
but also to eddy-current loss. This results from the flow of electric currents within the 
material, induced by the changing flux in them. They increase with increase in the fre- 
quency, conductivity, and permeability of the material. Since time is required for these 
currents to build up and to decay, the application of a varying field is accompanied by a 
delay in the corresponding magnetic induction. The summation of the hysteresis and 
eddy-current losses is frequently called the core loss or iron loss of the material. 

DEFINITIONS. The following definitions are taken from ASTM Specification A127 
which may be referred to for definitions of other terms relating to magnetic materials. 
This list is in alphabetical order, for reference only. 


Coercive Force. H,;. The magnetizing force required to bring the induction to zero in a magnetic 
material which is in a symmetrically cyclically magnetized condition. The coercivity is that property 
of a material measured by the maximum value of the coercive force. 

Induction, Intrinsic. B;. The excess of the induction in a magnetic material over the induction 
in vacuum, for a given value of the magnetizing force. The equation for intrinsic induction is 


B=B-—H 
Induction, Magnetic (Magnetic Mux Density). B. Flux per unit area through an element of area 


at right angles to the direction of the flux. The cgs unit of induction is called the gauss (plural gausses) 
and is defined by the equation: 


do 
aA 
Under a-c conditions Bmax may be calculated as follows: 
Brg a E X 108 
4 ff NAf 


where £ is in rms volts; ff is the form factor. 
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Induction, Normal. B. The limiting induction, either positive or negative, in a magnetic material 
which is in a symmetrically cyclically magnetized condition. 

Induction, Residual. B,. The magnetic induction corresponding to zero magnetizing force in a 
magnetic material which is in a symmetrically cyclically magnetized condition. The retentivity is the 
property of a magnetic material measured by the maximum value of the residual induction. 

Induction, Saturation. B;. The maximum intrinsic induction possible in a material. 

Magnetic Flux. . A condition in a medium produced by a magnetomotive force, such that when 
altered in magnitude a voltage is induced in an electric circuit linked with the flux. The cgs unit of 
magnetic flux is called the maxwell and is defined by the equation: 


where e = induced emf in volts, and d¢/dt = time rate of change of flux in maxwells per second. 
Magnetizing Force. H. Magnetomotive force per unit length. The cgs unit is called the oersted 
and is defined by the equation: 


where F is in gilberts and / in centimeters. For a toroid, or at the center of a long solenoid, the mag- 
netizing force in oersteds may.be calculated as follows: 


Viprpe 0.404 NTI 


where I is in amperes and 1 is in centimeters. 

Magnetomotive Force. F. That which tends to produce a magnetic field. In magnetic testing 
it is most commonly produced by a current flowing through a coil of wire, and its magnitude is propor- 
tional to the current and to the number of turns. The cgs unit of magnetomotive force is called the 
gilbert and is defined by the equation: 

F = 0.4rNI 


where J is in amperes. Magnetomotive force may also result from a magnetized body. 

Permeability, a-c. tac. A-c permeability is variously defined, and the values obtained for a given 
material depend on the methods and conditions of measurement. As measured by the Standard 
Methods of Test for Magnetic Properties of Iron and Steel (ASTM Designation A34), it is the ratio 
of the maximum value of induction to the maximum value of the magnetizing force for a material in a 
symmetrically cyclically magnetized condition. 

It is sometimes defined as the ratio of the rms flux density to the rms magnetizing force. Some of 
the factors which affect a-c permeability are thickness of laminations, frequency, and resistivity. 

Permeability, Incremental. }44. The ratio of the cyclic change in magnetic induction to the cor- 
responding cyclic change in magnetizing force when the mean induction differs from zero. 

Permeability, Initial. to. The slope of the normal induction curve at zero magnetizing force. 

Permeability, Normal. |4. The ratio of the normal induction to the corresponding magnetizing 
force. In the cgs system the flux density in a vacuum is numerically equal to the magnetizing force, 
and, consequently, the magnetic permeability is numerically equal to the ratio of the flux density to 
the magnetizing force. Thus: 

ee 

Note: In a non-isotropic medium the permeability is a function of the orientation of the medium, 
since, in general, the magnetizing force and the magnetic flux are not parallel. 

Permeability, Reversible. }4,. The incremental permeability when the cyclic change in induction 
is vanishingly small. 
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Preparation and Heat Treatment. In many applications such as motors, generators, 
transformers and relays, it is desirable to have materials of high permeability. The com- 
mon materials used are iron, silicon-iron alloys, and iron-nickel alloys to which various 
other metals have been added. Commercial materials are usually melted in open-hearth 
or electric furnaces, poured to form ingots, then rolled to slabs and finally to sheets or 
rods of the required dimensions. After fabrication into the final form in which they are to 
be used, they must be subjected to a heat treatment which is appropriate to the particular 
alloy, in order to develop their best magnetic qualities. These heat treatments usually 
consist of heating to some temperature lying between 800 and 1200 deg cent and cooling 
at a definite rate to room temperature. Figure 6 shows magnetization curves for ingot 
iron, (1) as hot and cold rolled to final size, (2) as annealed at 900 deg cent for 1 hour, and 
(3) after heat treatment at the unusually high temperature of 1400 deg cent for 6 hours. 
The anneal at 900 deg cent may be referred to as a strain-relief anneal; that at the higher 
temperature as a purifying anneal because during the process some of the impurities have 
been removed from the iron. 

In processes involving annealing, account must be taken of phase transformations and 
“order-disorder’’ phenomena (orderly arrangements of the atoms) like those found in iron 
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and Permalloy, respectively. In some materials, such as the nickel-manganese alloys, a 
magnetic material may be made non-magnetic by cooling rapidly from a high temperature 
and thus. preserving the disorderly distribution of nickel and manganese atoms stable at 
this temperature. In the iron-nickel alloys containing 50 to 80 per cent nickel, marked 
changes in properties are 
produced by annealing 
in the presence of a mag- 
netic field. 16 
Magnetic Elements. 
Of the magnetic ele- 14 
ments, iron, cobalt, and 
nickel, iron is the only @!@ 
one used commercially z 
to any considerable ex- = 
tent in unalloyed form. ¥Y¢% 
a 
z 


18 


It is made in large ton- 
nages for motors, gen- 6} 
erators, and relays. Its 
characteristic properties 
are described in Fig. 9 2 
and Table 1. Nickel 

finds a limited use be- (o} 
cause of its magneto- 
strictive properties, for 
example in supersonic Fia. 6. Effect of Heat Treatment on the Magnetic Properties of Iron 
underwater apparatus. 

Iron-silicon Alloys. Next to unalloyed iron, these alloys are used in the greatest 
quantities, in power transformers, motors, generators, relays, and receivers. The addition 
of silicon increases the resistivity and so cuts down the power loss due to eddy currents, 
and it also has some effect in increasing the permeability and decreasing the hysteresis 
loss. Various commercial grades are available containing up to about 5 per cent silicon. 
Great advances have been made in the last few years by fabricating the sheet by cold roll- 
ing instead of hot rolling. As with most magnetic materials, the iron-silicon crystals are 
most easily magnetized along one particular crystallographic direction, and the cold roll- 
ing and associated heat-treating processes are adjusted to orient the crystals so that as 
many as possible have their directions of easy magnetization aligned in the direction of 
rolling. Material made in this manner is called grain oriented. The grain-orienting process 
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Fic. 7. Comparison of the » vs B Curves for Samples of Hot-rolled and Grain-oriented Silicon Iron 


increases the permeability and reduces hysteresis loss. The increase in permeability, how- 
ever, is effective only when the sheet is magnetized in the direction in which it is rolled, 
and in most other directions the permeability is lowered. Grain-oriented silicon-iron is 
available in grades containing up to slightly over 3 per cent silicon. Properties of the 
grain-oriented material containing 3 per cent silicon are compared with the hot-rolled 
product in Fig. 7. 


2-62 PROPERTIES OF MATERIALS 


6 

Iron-nickel Alloys. These alloys are used when particularly high quality is qesired, 
usually in transformers of various kinds and in magnetic shields. Their permeabilities 
are much greater than those of other alloys, and they have high resistivity and low energy 
loss. The most important binary alloys contain 78 per cent nickel and 45 to 50 per cent 
nickel. The former, called 78 Permalloy or Permalloy A, has a high initial permeability 
(about 10,000) and a low coercivity (0.05) and requires special heat treatment for the 
development of these properties. After the usual anneal at 1000 to 1100 deg cent it must 
be cooled rapidly in order to develop maximum quality. The iron-nickel alloys containing 
45 to 50 per cent nickel are useful in certain relays, transformers, receivers, and other 
apparatus. They have reasonably high permeabilities and incremental permeabilities, 
and their saturation inductions and resistivities are higher than those of the 78 per cent 
alloy. The cooling rate from the annealing temperature is not critical for these alloys. 

Another development in this field is the grain-oriented 50 per cent nickel-iron alloy, 
originated in Germany and called Permenorm 5000-Z. After special heat treatment, this 
material exhibits hysteresis loops which are practically rectangular. The grain orienta- 
tion is accomplished by a 99 per cent cold reduction before the final heat treatment. 

When higher resistivities are required, other elements are added to the iron-nickel alloys, 
and it is often found that the resulting alloy has also higher initial and maximum perme- 
abilities. One of the most useful of these is Molybdenum Permalloy containing 4 per cent 
molybdenum and 79 per cent nickel. Similar properties are obtained in Mwmetal con- 
taining 2 per cent chromium, 5 per cent copper, and 75 per cent nickel. Initial perme- 
abilities of 20,000 to 30,000 and maximum permeabilities of about 100,000 are often found 
in these alloys. The molybdenum Permalloy must be heat-treated under non-oxidizing 
conditions and preferably cooled at a definite rate; the Mumetal must be heat-treated in a 
hydrogen atmosphere for best results. An alloy containing 5 per cent molybdenum and 
79 per cent nickel is called Supermalloy and has an initial permeability of 50,000 to 150,000 
and a maximum permeability of about 1,000,000. These properties are obtained by con- 
trolled melting of suitable raw materials, heat treating in hydrogen at 1300 deg cent, and 
cooling at a critical rate. 

Some interesting properties have been obtained in alloys containing nickel, iron, and 
cobalt, called Perminvars. A typical alloy contains 45 per cent nickel, 25 per cent cobalt, 
and 30 per cent iron, and its permeability is characteristically independent of magnetizing 
force over a relatively large range. To retain this property, however, it must never be 
magnetized above this range. Above the range of constant permeability the hysteresis 
loops have peculiar constricted forms with very low residual induction at intermediate 
field strengths. At present these alloys are not being used commercially. 

Iron-cobalt Alloys. Alloys of iron with approximately 35 per cent to 55 per cent 
cobalt are remarkable in that the saturation, B;, is higher than that of either iron or co- 
balt. One of these alloys, containing equal parts of iron and cobalt, is called Permendur; 
it is useful where high flux densities are necessary as in the pole tips of electromagnets. 
The binary alloys of iron and cobalt can be hot rolled and machined, but they are very 
difficult to cold roll. Vanadiwm Permendur contains 2 per cent vanadium and equal parts 
of iron and cobalt; the addition of vanadium makes it possible to cold-roll the alloy to thin 
sheets. In this form it has found an important application in telephone diaphragms. 
Vanadium Permendur can be machined and even punched after cold rolling, but it be- 
comes somewhat brittle when annealed. At high inductions the superposed permeability 
of the iron-cobalt alloys is higher than that of any other material (see Fig. 24). 

Other Alloys. Among the other alloys that have high permeability may be mentioned 
aluminum-iron, molybdenum-iron, and Sendust, the last developed by the Japanese. 
Aluminum-tron containing up to about 6 per cent aluminum has been produced having 
magnetic properties somewhat better than the iron-silicon alloys, but because of manu- 
facturing difficulties it has never been popular. In Japan high permeabilities have been 
obtained in the alloy containing 14 to 15 per cent aluminum, called Alfer. Iron-molyb- 
denum alloys also have good magnetic permeabilities at low and moderate flux densities 
and are more ductile than the iron-silicon alloys. Although they are not in common use, 
at least one manufacturer is planning to market them. Sendust contains about 9 per cent 
silicon, 5 per cent aluminum, and the rest iron. Both initial and maximum permeability 
are high, the initial sometimes as high as 35,000. Sendust is an unusual high-permeability 
material in that it is quite brittle and must be cast and ground to finished size. Because 
of its brittleness, Sendust has been formed into powder and used, especially in Japan, in 
pressed powder cores for loading coils and other coils for high-frequency circuits. 

Other materials are useful in powdered form for applications of this kind. Most impor- 
tant among them are powdered Permalloy and Carbonyl tron. The former has the nominal 
composition of 2 per cent molybdenum, 80 per cent nickel, and 18 per cent iron; it is 
melted without the addition of a deoxidizer or desulfurizer, and after hot rolling it can 
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be crushed to a fine powder. It is then mixed with a small amount of insulation and pressed 
into a solid core and heat-treated. The permeability varies, depending upon the amount 
of insulation, from about 10 to 125. Both 
140 hysteresis and eddy-current losses are ex- 
BMI iatice tremely small, and the permeability is con- 
stant over a large range of magnetizing force. 
Carbonyl iron powder, prepared by de- 
composing iron carbonyl, Fe(CO)s5, in the 
vapor phase, consists of small spheroids 
which are later insulated and pressed. All 
these powdered materials are used in the 
cores of coils operating at high frequency; 
Fig. 8 shows some of their properties. 
Often, when the frequency is greater than 
1 megacycle, a powder is used composed of 
one of the iron oxides Fe2O3 or Fe;O4. Also, 
Ree aieal properly treated parte o ne Rage! 
° e.g., Manganese and zinc ferrites, have been 
ee tlhe it sucTION TC ™ 2000 10090 found to have very high electrical resistivities 
&; and initial permeabilities of the order of 1000. 
Fic. 8. Examples of Permeability Curves for M sate ot tis Hf 1 dint Holland 
Cores of Molybdenum Permalloy and Iron Car- aterials of this type, developed in Hollan 
bonyl Powders under the name Ferroxcube, have been used 
advantageously for certain types of high- 
frequency coils. The ferrites in general have much higher initial permeabilities but less 
stability with temperature as compared with the insulated powder materials. 
Many of the properties of the most important commercial magnetic materials of high 
permeability are collected in Table 1 and Fig. 9. 
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Fia. 9. Magnetization and Permeability Curves for Magnetic Materials in Common Use | 


Non-magnetic Materials. It is often desirable in dealing with magnetic circuits ta 
have a steel for structural purposes which is non-magnetic. One commonly used material 
of this sort, called Lomu, contains about 10 per cent manganese, 8 per cent nickel, and 
the remainder iron; chromium and silicon are also sometimes added. Another material 
is of the stainless-steel type containing 20 to 25 per cent nickel and 25 per cent chromium. 
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10. PERMANENT-MAGNET MATERIALS 


Permanent magnets are useful for their ability to maintain a magnetic field in space 
without the aid of an external source of power. Since there is no heating, and since modern 
alloys can produce very high fields, they are used extensively in loudspeakers, small gen- 
erators, etc. The properties of these materials are best described by means of the de- 
magnetization curve already mentioned. Typical curves for many of the common mate- 
rials are shown in Fig. 10. In evaluating materials it is also desirable to use an energy 
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Fia. 10. Demagnetization and Energy Product Curves of Some Important Permanent-magnet Mate- 
rials. The materials corresponding to the abbreviations may be recognized by reference to Table 2. 


product curve formed by plotting the product of B and H, BH, against the magnetic 
induction B, for points on the demagnetization curve; this is plotted also in Fig. 10. Such 
a curve is a measure of the energy that can be stored in the magnet, and the best single 
criterion for the value of a permanent-magnet material is the maximum value of this 
product, designated (BH)m. In the design of magnetic circuits involving permanent 
magnets an attempt is usually made to have the magnetic induction in the magnet equal 
to the B for which (BH) is equal to (BH) m. 

The magnetic behavior of a magnet may be described by reference to Fig. 11. The 
line OA depends on the dimensions of the magnet and is called the load line; it is fixed by 
the demagnetizing action of the air gap in the magnetic circuit. When the external field 
has been removed, B and H will be determined by some point on this line, preferably the 
point for which (BH) is a maximum. It is common practice to “‘stabilize’’ a magnet by 
applying a small negative magnetizing field (point C) and then removing it (point D). 
Extraneous disturbing fields will then cause changes in induction corresponding to minor 
loops such as CDEC. The minor loops in the third quadrant, under the demagnetizing 
curve, have slopes approximately the same as the slope of the demagnetizing curve just 
below the point B; they are important in predicting the changes in induction that occur, 
e.g., in. generators. 

Permanent-magnet materials may be classified under the following headings: 

Carbon steel with or without alloying elements. 
Dispersion-hardened alloys. 

Types heat-treated in a magnetic field. 

Ductile alloys. ‘ 

Powdered materials. 

Miscellaneous special materials. 
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Fia. 11. Curves Useful in the Design of Permanent Magnets. See text. 


Carbon Steels. The carbon steels are so called because they depend upon carbon 
compounds for their permanent-magnet qualities. These materials are usually prepared 
by hot rolling to finished size and quenching from about 800 to 950 deg cent in water or oil. 
Their permanent-magnet characteristics tend to deteriorate with time, and it is customary 
to pre-age such magnets before use by maintaining them for many hours at temperatures 
between 100 and 150 deg cent. Although their magnetic properties are not of very high 
quality, many of the carbon-steel magnet alloys are very useful because of their low cost. 

The most common steels are carbon-manganese, chromium, tungsten, and cobalt steels. 
There is a great variety of materials of this kind containing various percentages of the 
alloying elements and about 0.8 per cent carbon. Representative alloys have been in- 
cluded in Table 2. The coercive force and energy product, as well as the cost, usually 
increase with the alloying element. The highest energy product obtained in this group is 
about 1.0 X 108. 

Dispersion-hardening Alloys. These alloys contain no essential carbon but depend 
for their hardening upon the precipitation of one solid phase in another. They are ordi- 
narily heated to 1300 deg cent and quenched in air or oil and are subsequently maintained 
at 600 to 700 deg cent for several hours; they are therefore often referred to as “‘age- 
hardening”’ alloys. Generally they are quite brittle and, with the exception of one type, 
must be cast and ground to final size. One of the first alloys of this type to be used com- 
mercially contains 71 per cent iron, 12 per cent cobalt, and 17 per cent molybdenum; it 
is called Remalloy or Comol. This alloy may be hot-rolled and machined to required size 
like the carbon steels. To give it permanent-magnet qualities, it is quenched from 1200 
deg cent and aged at 700 deg cent for about an hour. Like most dispersion-hardening 
alloys, the properties of Remalloy do not change appreciably with time. It has found 
use in meters, receivers, and other devices. 

Large quantities of dispersion-hardening alloys are made of the iron-nickel-aluminum 
type to which have been added cobalt, copper, or titanium.” All these alloys, called in 
this country the Alnicos, are brittle and must be cast and ground to size. The addition of 
titanium up to 8 per cent is sometimes effective in causing high coercive force. Heat 
treatments and properties are given in Table 2. 

Types Heat-treated in a Magnetic Field. The most important of the dispersion- 
hardening alloys was developed in Holland as Ticonal and, with slight variations, is 
known in the United States as Alnico 6 and in England as Alcomaz. The alloy of the 
proper composition as given in the table is heated to 1300 deg cent and then cooled in air 
in the presence of a strong magnetic field which must be applied to the magnet in the 
direction in which the best properties are desired. After aging at about 600 deg cent 
energy products as high as 5 X 10° are obtained. Poe 
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The interesting oxide magnets made by the Japanese also require a strong magneti¢ 
field for developing their best properties. The proper amounts of iron and cobalt oxides 
(Fe203, Fe304, and Co,03) are pressed and heated to 1000 deg cent. They are then 
cooled and crushed and pressed to final form, then reheated to 1000 deg cent, and finally 
cooled in a strong magnetic field. Large variations are found in coercivity and retentivity, 
depending on how the oxides are mixed and treated; H, ranges from 600 to 1000 and B, 
from 4000 to 1500. This material is unusually light in weight and has exceptionally high 
resistivity. One product, marketed under the trade name Vectolite, has a coercivity of 
900 and a retentivity of 1600. 

Ductile Alloys. Within the last few years a number of ductile permanent-magnet 
alloys have appeared on the market. The largest application has been in wire and tape 
form for the magnetic recording of speech. The first alloys of this type were based on the 
German material containing 20 per cent iron, 20 per cent nickel, and 60 per cent copper, 
known in this country as Cunife. Another variation, called Cunico, contains cobalt. 
Most of these alloys can be cold-drawn to fine wires; in fact, such cold reduction is often 
necessary to develop their best properties. Vicalloy, made of iron, cobalt, and vanadium, 
is another alloy of this type. Its properties also depend upon the amount of cold reduction, 
and an energy product of 1.5 X 10° can be developed after cold rolling and annealing at 
about 700 deg cent. By drastic cold reductions energy products as high as 4 X 10® can 
be obtained. 

Powdered Materials. Several of the brittle alloys mentioned above can be produced 
from powders which are pressed into the desired shape, sintered at a high temperature, 
and heat-treated to give the best magnetic properties. This is often advantageous in 
producing small magnets, when the methods of powder metallurgy can be used. Alnico 2 
is important in this class, and Alnico 5 has been used on an experimental scale. 

A recent development is material obtained by pressing powder of very fine size, such 
as that produced by the reduction of iron compounds at low temperature. One product, 
manufactured in France, is composed essentially of fine particles of iron, sometimes with 
admixture of cobalt, and has properties much like those of Alnico 2. 

Special Alloys. A few other alloys are worthy of brief mention. These are the cobalt- 
platinum alloys, the manganese-silver-aluminum alloy (Silmanal), and certain alloys 
formed by electrodeposition on a mercury sur- 
face, e.g., iron with a small admixture of zinc 
Fan ses eee or iron-cobalt-nickel-aluminum alloys. Ex- 
oe ON aS perimentally this alloy has been made with 
coercivities of 400 to 500 and retentivities of 
9000 to 11,000. 
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PORTION 11. MAGNETIZATION CURVE 


In this section will be considered briefly the 
nature of the changes in magnetization that 
correspond to different parts of the magneti- 
zation curve, and some relations valid in each 
part. 

Persia The magnetization curve may be divided 

into three parts separated by the ‘‘instep’’ and 
“‘knee’’ (see Fig. 12). At the instep the curve 
takes a sudden upward turn and the perme- 
ability increases rapidly. At the knee this 
trend is reversed and the curve becomes more 
and more horizontal and approaches asympto- 
tically to saturation. In each of the three 
parts of the curve, magnetization proceeds by 
a different mechanism, as described below. 

A magnetic material is composed of many 
F161 19. Oa pee ChE small magnetized regions or domains, each of 
the Points of Special Interest, and Divkion which is always magnetized to saturation a 

aah into gUhreomiaimbParts some one direction. When the material as a 

whole is unmagnetized, these domains are ar- 
ranged in various directions so that the net magnetization of the material is zero. The 
effect of the field is to change either the direction in which the domains are magnetized or 
to change the volume of some of the domains at the expense of their neighbors. This may 
be made clear by reference to Fig. 13, where the domains are represented by arrows indi- 
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cating the directions in which they are magnetized. The directions of stable magnetiza- 
tion are determined in an annealed material by the magnetic properties of the crystals of 
which it is composed, and in severely cold-worked material by the internal strains present 

In the first part of the magnetization curve, below the instep, magnetization proceeds 
by small displacements of the boundaries between domains, a process illustrated in part 
(0) of Fig. 13. In this portion the permeability usually increases linearly with magnetiz- 
ing force: 

M=a-+bH 


In the second part of the curve, between the instep and the knee, the domains change 
direction suddenly and the magnetization changes 
from one direction of stable magnetization to an- 
other. In this section Steinmetz’ law of hysteresis 
is applicable: 


W, = 7B 
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Fie. 13. Diagram Illustrating Changes Fie. 14, The Magnetic Induction of Iron Meas- 
in Domain Structure with Magnetiza- ured at Various Temperatures, with Various Im- 
tion in a Single Crystal of Iron pressed Fiel 


In the third section the domains rotate smoothly from the stable directions indicated in 
(c) into parallelism with the magnetic field as indicated in (d); here the Fréhlich-Kennelly 
relation 

2 =c+dH 
BL 


is approximately valid. 
Evidence for the domain structure of materials is found in the Barkhausen effect, which 


proves that sudden changes in magnetization occur in the middle section of the magnetiza- 
tion curve, and in the existence of powder patterns which can be seen under a microscope 
and which show that the magnetic field at the surface of a demagnetized magnetic mate- 
rial varies from place to place over regions about 0.1 mm apart. 


12. EFFECT OF TEMPERATURE 


The magnetization of a material can be altered not only by changing the magnetic field 
but also by varying mechanical stress or temperature. Temperature affects the magnetic 
properties of all materials, in a way that depends on the induction and the character of 
the material. Figure 14 shows this effect for iron. Eventually, as the temperature is 
raised, the material becomes non-magnetic, the temperature at which this occurs being 
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called the Curie point of the material. When a high constant magnetic field is present, the 
magnetization decreases continually as the temperature increases, and at a faster and 
faster rate as the Curie point is approached. When a low field is present, the permeability 
first increases with temperature and then decreases again and approaches 1 at the Curie 
point. 

For some applications it is desirable to have a material with a permeability that de- 
creases rapidly as the temperature increases. These materials are used in compensating 
permanent magnets for changing temperature and for stabilizing pressed powdered cores 
to make their inductance independent of temperature. The alloys used for this purpose 
have a Curie point near room temperature so that the material loses its magnetism rapidly 
as the temperature increases in this region. One such alloy contains about 30 per cent 
nickel and the rest iron; it has been used for compensating permanent magnets. Another 
type, containing 80 per cent nickel, 12.5 per cent molybdenum, and the rest iron, is com- 
monly used for stabilizing pressed powdered Permalloy cores. Still another type contains 
about 35 per cent nickel, 5 per cent chromium, 0.3 per cent silicon, and the rest iron. 


13. STRESS AND MAGNETOSTRICTION 


Figure 15 shows the way in which the magnetization may be affected by the application 
of tensile stress. A tension well within the elastic limit of the material will increase the 
magnetization of 45 Permalloy and decrease that of pure nickel. Under certain conditions 
the permeability of some materials is increased by a factor of 50 by a stress within the 
elastic limit. Materials whose permeabilities are increased by tension are said to have 
positive magnetostriction, because they expand a few parts per million when they are 
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Fia. 15. Magnetization Curves for 45 Permalloy and Fie. 16. Fractional Change in Length with 
Nickel as Affected by Tension Magnetizing Force for 45 Permalloy (Posi- 
tive Magnetostriction) and for Nickel (Neg- 

ative Magnetostriction) 


magnetized; conversely, the permeability is decreased by tension if magnetization causes 
contraction of the material (negative magnetostriction, as in nickel). Some materials, 
like iron, have positive magnetostriction in low fields and negative magnetostriction in 
high fields. 

Figure 16 shows how 44 Permalloy and nickel change in length as the field strength 
increases. Such magnetostriction is capable of converting magnetic energy into mechanical 
energy, and nickel is often used in magnetostriction oscillators to produce supersonic 
vibrations in air or under water, where they are effective in sound ranging. The Japanese 
have used a new alloy, Alfer, containing 13 per cent aluminum and the rest iron, for mag- 
netostriction oscillators; its magnetostriction is about the same in magnitude as that of 
nickel, but is opposite in sign. 


14. EFFECT OF FREQUENCY 


} When the field acting on a magnetic material is alternated rapidly, eddy currents are 
induced in the material. They act so as to keep the a-c field from penetrating effectively 
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more than a certain distance below the surface; this distance is measured in a rough way 
by the expression: vce 
_ Vo/uf 


2a 
wherein w = true permeability (d-c). 
p 10% times resistivity in microhm-centimeters. 
f = frequency in cycles per second. 


The properties of the material are affected in three ways: (1) the effective permeability 
is reduced, (2) the energy loss in the material is increased, and (3) there is a time lag 
between the magnetizing force and the corresponding induction. 

Only under certain restricted conditions can the effects of alternating current be pre- 
dicted with any assurance of correctness. When the permeability is constant, as it usually 
is only when B 1s very small, the effective permeability, u (as determined with an induc- 
tance bridge) is given by the relation: 

HB 1. sinh 6+ sin 0 


nw 0 coshé+ cos@ 
QmtV uf/p Sf 


thickness of sheet in centimeters. 


-in which 0 
t 


Effective permeabilities, calculated by means of this equation, are compared with actual 
measurements in Fig. 17. 
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Fic. 17. Change in Effective Permeability with Frequency for 45 Permalloy of Different Thicknesses 


When 6 >> 1 (at high frequencies) this expression reduces to: 


Similar expressions are applicable to specimens in the form of wire or cylinders. 
When p is constant and 6 <1 (frequency and induction low) the power loss may be 
expressed by the equation: 


sje Qf(ho + hB + ef) 

in which R = excess of a-c resistance (by a-c bridge) over d-c resistance, in ohms. 
L = inductance of coil in henrys. 
B = maximum induction in gausses. 


This relation is especially adapted to materials used in communication circuits in which 
there are feeble alternating currents. The constants h and e measure the hysteresis and 
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eddy-current losses, respectively, and ho is of unknown origin, important only at the low- 


est B’s. 
At low frequencies (6 < 1) and high inductions (B = 1000 to 14,000 in silicon-iron), the 


power loss in ergs per centimeter? per second is: 
W = 7B + eB? 


The hysteresis constant, 7, and the eddy-current constant, e, can be determined in an 
approximate way by plotting W/f vs. f for given values of B. At high frequencies eddy- 
current loss is usually more important than hysteresis loss, and is given in ergs per cen- 
timeter® per second by the relation: 
at Bf? 
V up 

in which B is the value of B averaged over the cross-section of the sheet. 

At frequencies higher than 108 cps the true permeability, u, of magnetic materials 
begins to decrease substantially, approaching a value of the order of 1 at frequencies 
around 109 to 10! eps. 


e= 


Magnetization also affects the resistivity of magnetic materials. The change is almost 
invariably an increase in resistivity with magnetization, the amount of the increase vary- 
ing from less than 1 per cent to about 5 or 10 per cent at room temperature, and even more 
at low temperatures. Similarly Young’s modulus may be changed by about 10 per cent 
by magnetizing to saturation. Unusual variations are also observed in specific heat, 
thermal expansion, and other physical properties of magnetic materials. 


15. MEASUREMENT OF MAGNETIC CHARACTERISTICS 


Although it requires many different measurements to determine all the magnetic char- 
acteristics of a material, the most important properties can be obtained from a magnetiza- 
tion curve and hysteresis loop, an a-c measurement of the permeability and losses, and a 
measurement of the incremental permeability at various polarizing inductions. 

Of the several methods that can be used for measuring magnetic properties, the ballistic 
ring test, due to Rowland, is perhaps the most reliable. In this test, a ring sample is wound 
with two uniformly distributed windings, consisting of a primary connected to a source of 
current, and a secondary connected to a ballistic galuanometer or fluxmeter. The induction 
produced by current in the primary winding is observed in terms of the fluxmeter deflec- 
tion as the primary current is changed suddenly or reversed. The use of a ring sample 
eliminates the possibility of errors due to air gaps. To obtain uniformity of magnetizing 
force throughout the sample, the ratio of the outside diameter to the inside diameter of 
the ring should be not greater than 1.2. Figure 18 shows a typical electrical circuit for 
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Fia. 18. Simplified Diagram of a “‘Ballistic Test” Circuit 


this type of test, including a mutual inductance for calibrating the galvanometer or 
fluxmeter, G, and resistances R and switches S for regulating and changing the current in 
the primary winding, P. The field is calculated using the relation: 
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and the induction using the expression: 
8 
B Ks I-M X 1086 


b-NsAs 


number of turns in primary winding. 

primary current in amperes. 

mean diameter of ring in centimeters. 

calibrating current in amperes. 

calibrating mutual inductance in henrys. 

calibrating deflection resulting from a reversal of J,. 

number of turns in secondary winding. 

sectional area of sample in square centimeters. 

fluxmeter deflection resulting from reversal of current in primary 
winding. 


in these equations NV 


Tans 
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Straight bar or rod samples are sometimes tested with this circuit. A long solenoid is 
used for producing the magnetizing force, and the secondary winding or search coil is 
placed around a short central portion of the sample. However, under these circumstances 
the true magnetizing force is difficult to determine because the field from the magnetic 


‘poles produced at the ends of the sample reacts with the field of the solenoid. The field 


created by the sample itself is sometimes called the end effect or demagnetizing field. Its 
value is usually specified by the demagnetizing factor, N, which depends on the ratio 
length/diameter of the rod. The field, H, acting at the center of the rod is the resultant 
of the field in the solenoid, Ho, and the demagnetizing field: 


N 
H = Hy) — — (B — A) 
Ar 
The apparent permeability, pv’, is given by B/Hp, and its relation to the true permeabil- 
ity, » is given by: 
bs =A mY Agr 
The relation between p and yp’ for cylindrical rods is shown graphically in Fig. 19. 
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Fie. 19._ Relation of the Apparent Permeability to the True Permeability for Cylindrical Rods of 
Various Ratios, m, of Length to Diameter. Also, Demagnetizing Factors, N/47, as Dependent on m. 
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Various types of permeameters are also used with the circuit shown in Fig. 18. They 
are especially useful for measuring permanent-magnet materials. Permeameters usually 
are designed to test straight bar samples clamped against a yoke of very low reluctance. 
Measurement of samples of high permeability, so tested, are subject to error due princi- 
pally to the effects of the air gaps in the circuit. Only a few of the many types will be 
described. 

The Fahy permeameter is commonly used for testing materials like iron and silicon-iron 
as well as some of the magnet steels of relatively low coercive force. It is suitable for tests 
at magnetizing forces up to 300 oersteds. This instrument, shown in Fig. 20, has one 
large magnetizing winding on a yoke of silicon-iron. Pole pieces extending from either 
end of the yoke are arranged so that bar samples can be clamped to them. The magnetiz- 
ing force is measured by an air-core solenoid (H coil) mounted across the ends of the pole 
pieces and above the sample. A winding enclosing the sample acts as a secondary (B coil) 
and measures the induction with the aid of a galvanometer as in Fig. 18. 
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Fic. 20. Descriptive Drawing of the Fahy Perme- Fic. 21. Descriptive Drawing of the Babbitt 
ameter Permeameter 


The Babbitt permeameter (see Fig. 21) can be used for testing at magnetizing forces as 
high as 1000 oersteds. Several different high-permeability materials are used in the yoke 
to give low reluctance over a wide range of magnetizing force, and the magnetizing coil 
encloses the sample instead of being wound on the yoke alone as in the Fahy. Smaller 
windings are placed on the yoke to compensate for the reluctance of the air gaps. Mag- 
netizing force and induction are measured with H and B coils placed near and around the 
middle of the sample. 

More accurate tests of high-permeability materials can be made by means of the Bur- 
rows permeameter. This type requires two samples clamped between two connecting yokes 
of high-permeability material completing the magnetic circuit. In addition to the mag- 
netizing coils around the samples, there are compensating coils around each end of the 
samples to give more adequate corrections for the effect of the air gaps at the joints. B 
coils are wound around the middle of each sample, and two search coils are placed on 
either side of each B coil. With proper adjustment the conditions of test more nearly 
approach those in the ring test, but the test is time-consuming because of the number of 
adjustments required. 

Small air gaps are not very important when testing permanent-magnet alloys, but 
modern magnet materials require permeameters that can produce very high magnetizing 
fields. The saturation permeameter and the high-H permeameter are frequently used for 
this purpose. 

The saturation permeameter is very similar to the Babbitt permeameter except that the 
magnetizing coil is larger and artificially cooled, and no compensating coils are used on 
the yoke. Magnetizing forces as high as 2500 oersteds are readily obtained with this 
instrument. 

The high-H-permeameter developed by the Bureau of Standards can produce even more 
powerful fields and can be used to test any of the modern permanent-magnet alloys. In 
this permeameter four large coils are used. Two are wound on the yokes and two on the 
pole pieces clamped to the specimen (see Fig. 22). The induction is measured in the usual 
way with a coil wound around the center of the sample. A small rotatable H coil is ar- 
ranged so that readings can be taken at different distances from the surface of the sample; 
the data so obtained give a curve of the variation in H and indicate by extrapolation the 
true value of field at the center of the sample. 

In practice, magnetic materials are often subjected to alternating fields, and it is, there- 
fore, important to measure magnetic permeability and energy losses by a-c methods. 
These include the use of a-c bridges, wattmeters, cathode-ray oscilloscopes, and various 
other instruments, a few of which will be described. 
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One of the common bridge circuits is the Mazwell bridge. The simplest form of this 
bridge consists of a pair of resistances for ratio arms, a variable resistor and variable in- 
ductance to balance the impedance of the sample, and a detector which may be a gal- 
vanometer, a sensitive voltmeter, or a telephone receiver (see Fig. 23). The bridge is 
useful for measuring apparent permeabilities and losses for low inductions at frequencies 
in the audio range. It is not suitable for testing at high inductions because of errors 
introduced by wave-form distortion. 
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Fig. 22. Schematic Diagram of the High-H Fie. 23. Simplified Maxwell Bridge Circuit for Deter- 

Permeameter mining Equivalent Series Resistance, R, and Induct- 

ance, L, of a Coil Containing a Specimen of Magnetic 
Material 


Incremental or superposed permeability measurements can also be made with the Max- 
well bridge, by using an additional winding on the sample connected in series with a large 
inductance and a source of direct current. The inductance in the d-c circuit must be 
large enough to keep the alternating current in this circuit at a negligible value. Incre- 
mental permeability is important in the transformers of vacuum-tube amplifiers and in 
polarized apparatus such as telephone receivers where the material is subjected to both 


d-c and a-c fields (see Fig. 24). 
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Fia. 24. Change in Reversible Permeability with Polarizing Induction for Several Materials 


Properties are often determined at frequencies above the audio range with a-c bridges 
of the resistor-capacitor type, and Q-meters. For further information on a-c bridge 
methods, see Measurement of Inductance and Effective Resistance, Section 11. 

For magnetic materials in sheet form, it is convenient to test samples made of sheared 
strips. The £pstein test, in common use for testing the core loss of materials such as silicon- 
iron sheet, uses samples of this form. Primary and secondary windings are placed on four 
hollow square forms mounted in the form of a square. The primary exciting current is 
measured with an a-c ammeter, A, and the induction is indicated by an ‘‘average’’ volte 
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meter, sometimes called a flux voltmeter, connected across the secondary as indicated in 
Fig. 25. The core loss is determined from the reading of a wattmeter, WwW. The test strips 
used in the Epstein are usually stacked with overlapping joints for permeability tests but 
may be stacked with butt joints for core-loss tests. This method gives reliable data up to 
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Fia. 25. Descriptive Drawing and Simplified ey Diagram for the Epstein Test for Determining 
Watt Loss 


high inductions, and it is particularly useful for studying grain-oriented materials. For 
details of this test and other test methods, the latest issue of ASTM specifications should 
be consulted. 

Cathode-ray oscilloscopes are sometimes used to give rapid indications of the a-c prop- 
erties of materials. By means of a simple integrating circuit, hysteresis loops can be 
produced on the screen. A simplified circuit of this type is shown in Fig. 26. This test is 
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Fie. 26. Simplified Circuit for Producing Hysteresis Loops on Cathode-ray Screen 
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not as precise as those described above, but because of its rapidity it finds frequent appli- 
cation in certain types of production testing. 
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RESISTORS AND RHEOSTATS 


By Paul S. Darnell and Arthur H. Schafer 


1. GENERAL 


DEFINITIONS. A resistor is a circuit element whose primary function is to introduce 
electric resistance into an electric circuit. 

A rheostat is an adjustable resistor which is provided with mechanical means for changing 
its resistance value without opening the circuit in which it may be connected. Its primary 
function is to adjust the current in a circuit or portion of a circuit in which it is connected. 
It may be in the form of a three-terminal potentiometer as defined below, or it may have 
only two terminals. 

A potentiometer is defined by American Standards Association as a measuring instrument 
by means of which an electromotive force in one of the arms of the circuit may be measured 
in terms of one or more other electromotive forces and the constants of the potentiometer 
circuit. However, the term potentiometer is most commonly used to refer to any adjust- 
able resistor having three terminals, two of which are connected to the ends of the resist- 
ance element and the third to a contact which traverses the resistance element without 
discontinuity. Its primary function is to convert an impressed voltage into a source of 
voltage which can be adjusted from a small percentage of the impressed voltage to approx- 
imately the magnitude of the impressed voltage. 

PHYSICAL AND ELECTRICAL CONSIDERATIONS. Numerous factors, which will 
determine the type as well as the physical size and shape, must be considered in the design 
or selection of the proper resistor or rheostat for a specific application. The most important 
of these are: (1) resistance value and tolerance; (2) power dissipation under normal and 
trouble operating conditions; (3) frequency characteristic, phase angle, and change in 
resistance over a frequency range; (4) stability with age and changing conditions of tem- 
perature, humidity, and voltage; (5) mounting arrangements—space and shape require- 
ments; and (6) relative cost of available resistor structures which will fulfill the circuit 
requirements in whole or in part. 

Resistance Value. In general two classes of material are used for resistors: (1) pure 
metals and metal alloys in which resistance value for any given metal is determined largely 
by its physical dimensions, and (2) a composition or mixture of a carbon or metallic con- 
ductor with an insulating material in which the resistance value is determined by the 
relative proportion of conductor and insulator. 

In the first group the element is usually a wire or strip having relatively low resistivity, 
which places a definite limitation on the resistance value that can be achieved for a given 
volume. The advantages are high stability with age, low temperature coefficient, low 
voltage coefficient, and low microphonic noise level. Its disadvantages are relatively high 
cost for higher resistance values, corrosion hazard under adverse conditions of voltage and 
humidity, limitation on high resistance values, and usually poor frequency characteris- 
tics at higher frequencies. Resistance range is normally from about 0.1 ohm to 1 megohm. 
In addition to the wire-wound resistors in this class are the metallic or carbon precision 
film-type resistors (to be discussed later) which circumvent some of the disadvantages 
enumerated here, since they permit attainment of high resistance in small space and have 
greatly improved frequency characteristics. 

In the second group of resistors, since resistance value becomes a matter of composition 
of a mixture, the entire range of resistors in general use (10 ohms to 22 megohms) can be 
made in the same physical form and volume, so that size is determined largely by power 
dissipation desired. Other advantages are low cost, improved performance at high fre- 
quency, and, when wattage is not a factor, small size, light weight, and ease of mounting. 
Disadvantages are lesser stability with time, temperature, and humidity compared with 
wire-wound resistors, broader manufacturing tolerances, and higher noise level. 

A third class of resistors, namely varistors and thermistors (see articles 8 to 10), is 
currently finding wide application as special-purpose circuit elements that are character- 
ized chiefly by their high sensitivity to temperature and voltage and their relatively high 
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resistivity. In this group the elements consist of semiconductor materials in the range 
between metallic conductors and insulating materials. 

Resistance Tolerance. The matter of manufacturing tolerance with respect to the 
limits of resistance value within which a resistor shall initially be held is important from 
the standpoint both of the proper functioning of the circuit involved and of the design of 
the resistor itself. Practical tolerances of low-cost resistors commercially available are 
of the order of +5 per cent to +20 per cent for composition type, and +1 per cent to 
+10 per cent for wire-wound and precision film types. 

Of equal importance to the initial manufacturing tolerances is the desired stability of 
the resistor during its life. To obtain stability of a lesser order of magnitude than the 
original manufacturing limits can be fairly simple at even the closest limits of the ranges 
indicated above but will probably become the major problem or even an impossibility for 
units adjusted to initial tolerances of one-quarter to one-tenth of those figures, for example. 

ENERGY DISSIPATION—TEMPERATURE RISE—POWER RATINGS. Since nor- 
mally the total electrical energy supplied to a resistor is dissipated in the form of heat, 
the resultant temperature rise will, under adverse conditions, constitute a potential 
hazard both to the resistor itself and to the materials of surrounding objects. Industrial 
Control Standards (NEMA, July 1, 1946, IC4-22) state that the temperature rise for bare 
resistive conductors shall not exceed 375 deg cent as measured by a thermocouple in con- 
tact with the hottest spot on the bare conductor, and for resistive conductors imbedded 
shall not exceed 300 deg cent as measured by a thermocouple in contact with the hottest 
spot on the surface of the imbedding material. The establishment of such maximum power 
ratings is possible only for power-type resistors constructed entirely of inorganic materials 
not adversely affected either physically or chemically by the heat generated. Ratings 
for other resistors are normally established on the basis of the maximum temperature at 
which they can operate continuously without deterioration of their performance or their 
component parts. Since power ratings under the various standards are predicated on 
operation in still air and free space at an ambient temperature of the order of 25 deg cent, a 
status seldom realized under actual operating conditions, good engineering practice dictates 
derating the resistor to reflect the specific conditions of use. In the absence of exact data 
to indicate the amount of derating necessary, a figure of 50 per cent is commonly applied. 
In addition to consideration of the normal wattage at which the resistor will be required 
to operate, it is frequently advisable to determine the power the resistor must dissipate 
under predictable abnormal or trouble conditions, and when possible, to select a resistor 
that will operate safely under such conditions as well. 

FREQUENCY CHARACTERISTIC. In considering the behavior of a resistor over a 
frequency range, it must be remembered that in any practical design in which the element 
has finite dimensions it will necessarily contain components 
of all three parameters (Fig. 1—R, L, and C) and will R L 
approach the characteristics of a pure resistor over a limited 
frequency range. The problem of design is to approach a 
pure resistance with the inductance and capacitance re- 
garded as parasitic values, useful only to the extent to Cc 
which they can be made to nullify each other over the ,. 1 Eatraloni en ctwern oe 
frequency range in which the resistor is to be used. A 4 Resistor Having Inductance 
typical resistor may be represented as a two-terminal net- and Distributed Capacitance 
work comprising three elements as shown in Fig. 1. 

The impedance Z of this circuit may be expressed in terms of effective inductance L’ 
and effective resistance R’ of the system as follows: Z = R’ + jwL’. It can readily be 
shown that in terms R, L, and C the following relations hold: 


R 


= ih 
Rie 1 — o&C(2L — CR?) + oC? ) 
L — CR? — w*CI? 
L’= (2) 
1 — wC(2L — CR) + w'C?L* 
4lso the phase angle ® = tan 1(wL’//R’), from which 
L — CR? — CI? (3) 
a ae i ) 
Since in a resistor both L and C are small, eqs. (1), (2), and (3) may be rewritten: 
R’ = Ril + o’C(2L — CR?)] (4) 
L’ = L — CR? (5) 
L — CR? 
Waal a 7d lar helt), (6) 
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It will be observed that the phase angle will be zero if L — CR? = 0, but that the change 
in resistance will be zero only if C = 0 or if 2L — CR? = 0. It follows then that both the 
phase angle and the change in resistance with frequency can be zero simultaneously only 
for the conditions C = 0, ZL = 0. These are important relations, for it means that a 
resistor may be designed with a small or zero phase angle over a considerable frequency 
range merely by keeping to a minimum the quantities L/R and CR and making them as 
nearly equal as is warranted for the particular design under consideration. 

A second factor causing change of resistance with frequency is the so-called skin effect, 
which arises from the fact that elements or filaments of current at different points in the 
cross-section of the conductor encounter different components of inductance. This is 
because of the greater mutual inductance between elements at the center of the conductor. 
These unequal inductances over the cross-section tend to produce unequal current densities, 
with the minimum at the axis and the maximum at the periphery. Such unequal current 
densities reduce the effective cross-section of the conductor and tend to increase its effective 
resistance. Since the determination of skin effect by computation is involved, it is suffi- 
cient to observe that this effect may be kept to the minimum by (1) using a conductor of 
small cross-section, (2) using a conductor of high specific resistance, and (3) for a wire- 
wound resistor, winding the wire to have the minimum effective inductance. It will be 
seen that these are also conditions for other good characteristics in an alternating-current 
resistor. (For a more detailed description of skin effect and methods of computation, see 
National Bureau of Standards Circular 74.) 

Small Phase Angle over a Frequency Range. As stated previously, to insure small phase 
angle over a given frequency range requires that residual inductance and capacitance be 
held to the minimum, zero phase angle being realized when one is made to compensate 
the other. Such compensation is achieved by satisfying the equation L = CR?. The 
major problem for low resistance is the reduction of inductance; for high resistance it is 
the reduction of capacitance. In actual practice it is found that for values up to about 
100 ohms the problem is one of inductance; for values over several thousand ohms the 
problem is mostly capacitance; for values in between, both capacitance and inductance 
must be considered. Of course these figures show merely the broad boundaries, and con- 
siderable variation will be encountered due to differences in structure, type of winding, 
and capacitance to ground. 

STABILITY WITH AGE, TEMPERATURE, AND HUMIDITY. Aging may be defined 
as any permanent change in resistance value with time, measured under the same condi- 
tions of temperature and humidity. It is generally caused by strains set up in the resistor 
element, either in the original manufacturing process as when wire is wound tightly on a 
core or when the element is pressed or molded into shape, or during the life of the unit 
when the supporting structure is distorted as the result of aging of the structure itself. 
In a composition resistor it is also brought about by chemical and physical changes in the 
materials of composition, particularly in the deterioration of the insulating materials used 
in the binder and filler. Strains in the winding may often be relieved by a preaging treat- 
ment (generally baking from 1 to 24 hours). To prevent warpage of the structure, and 
to guard against other effects discussed later, resistors are protected against moisture in 
various ways. Impregnation with wax, varnish, or asphalt compounds is common practice, 
and frequently an exterior covering of moisture-resistant material is used. Proper selec- 
tion of structural materials is probably the most important single factor in aging protection. 
Metal, which appears to be the ideal material for this purpose, usually cannot be used, 
partly because of its effect on the residuals, and partly because proximity to the winding 
would be an added hazard in promoting electrolytic corrosion. 

Temperature Variations. Stability with change in temperature is obtained by a proper 
selection of the resistive material. For composition-type resistors this material is at present 
limited almost entirely to carbon or graphite for the conducting portion of the mix; a 
wide variety of insulating materials is used for binder and filler, and frequently the choice 
is controlled by considerations other than temperature coefficient. For wire-wound resis- 
tors the desired temperature characteristics are determined largely by the wire selected. 

Humidity Conditions. In addition to warping of structural materials two other humidity 
effects must be considered in resistance design: the effect on residual inductance and 
capacitance, and the effect on corrosion. When moisture gets into a resistance structure 
it causes a change in the dielectric properties of the materials used therein, and a conse- 
quent change in the residual capacitance. This will often change the phase angle by an 
appreciable amount. The danger of corrosion which takes place when impurities and 
moisture are present is generally the more serious consideration in protection against 
humidity, especially where fine wires are used. 

CLASSIFICATIONS. Resistors have been variously classified in terms of performance, 
power dissipation, structure, usage, and manufacturing tolerances. Broadly, the following 
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classifications are in general use today and have been adopted, with proper subdivisions, 
by the various standards agencies: (1) fixed wire-wound, (2) fixed composition type, 
(3) precision film type, (4) rheostats and potentiometers (wire-wound and composition), 
(5) special-purpose types (chiefly thermistors and varistors). Each of these categories 
will be treated separately below. 

RESISTOR TESTS AND SPECIFICATIONS. Aside from a marked quality improve- 
ment of the resistor product, one of the major benefits derived from the past war was the 
promulgation and adoption by the armed services, and to a lesser extent by industry, of 
resistor standards of performance, size, resistance value, and tolerance. These can be 
found by reference to the following specifications: 


JAN-R-11 Resistors, Fixed Composition. 

JAN-R-26 Resistors, Fixed Wire-Wound, Power Type. 

JAN-R-93 Resistors, Accurate, Fixed, Wire-Wound. 

JAN-R-184 Resistors, Fixed, Wire-Wound (Low-power). 

JAN-R-22  Rheostats, Wire-Wound, Power Type. 

JAN-R-19 Resistors, Variable, Wire-Wound (Low Operating Temperature). 


Specifications include tests of both mechanical and electrical qualities, including meas- 


-urement of strength of leads, strength of resistor, resistance load life, load characteristics, 


voltage characteristic, temperature coefficient, microphonic noise, and effects of humidity, 
overload, and aging. In addition the Radio Manufacturers Association is in the process 
of preparing corresponding specifications for commercial usage, less severe and exacting. 
(See also Section 11.) 


2. WIRE-WOUND RESISTORS 


The many varieties of wire-wound resistors in use are classified in numerous ways, 
some by the manufacturer and some by the application to which the resistor is put. Thus 
we have power type, high-frequency resistors, precision type, flat type, tubular, plate, 
ballast, cord type, lead mounting, ferrule type, spool type, sectionalized bobbin type, and 
many others. As might be expected there is a great deal of overlapping in categories, and 
the descriptive terms are of course relative and at times misleading. Wire-wound resistors 
will be arbitrarily subdivided here into the several main classifications currently accepted 
by most manufacturers and users. 

POWER-TYPE RESISTORS. Power resistors consist of that class of resistor whose 
primary function is to dissipate relatively large amounts of power in a comparatively 
small space. In this group, materiais of construction are selected first because of their 
ability to withstand heat. Normally temperature rise is limited to 300 deg cent which 
with 25 deg cent ambient means a hot-spot temperature of 325 deg cent. Where organic 
materials are used (usually to obtain increased resistance to humidity or to facilitate 
construction of special features requiring machined or molded parts) temperature rise is 
limited to 125 deg cent and wattage 


ratings are reduced to about one-third Table 1. Ratings and Dimensions 
of maximum values obtainable with com- c 
plete inorganic construction. Typical | Nominal Renee of Approximate Core 
construction consists of a cylindrical Ratings, Resistance Sizes, in. 
ceramic-core tube with encircling band watts Values, ohms | pia meter eneeh 
terminals at each end, with a single 
inductively wound layer of wire made 5 0.5to 1,600 5/16 1 
of resistance material selected for the 10 0.3to 5,000 5/16 1 3/4 
qualities desired. Because of corrosion 20 0.3 to 10,000 9/16 2 
hazards and considerations of mechanical 25 0.3 to 13,000 5/8 2 

3 3 é A 30 0.5to 23,000 3/4 3 
strength, choice of wire size is usually 40 0.6to 28 000 3/4 3 Vo 
limited to minimum 0.002-in. diameter 50 0.8 to 40000 3/4 41/9 
(0.0025 in. in JAN specifications), al- 75 1.2to 50,000 11/8 41/4 
though most manufacturers will wind 115 1.9to 90,000 11/g 6 Io 
wire down to 0.001 in. or less in diameter 160 2.6 to 120,000 11/8 8 1/9 
if requested to do so. The resistor wind- 200 3.6 to 150,000 11/8 101/2 | 


ing is protected against mechanical injury 
and the effects of moisture. Electrical insulation is obtained by applying a cover coat of 
either vitreous enamel or cement. A typical assortment of sizes commercially available 
in this type is shown in Table 1. 

Maximum resistance value is based on use of 0.002-in.-diameter wire. With 0.001-in. 
wire, values up to eight times these maximum figures may be obtained. Wattage ratings 
are based on a permissible 300 deg cent temperature rise. Maximum voltage which may 
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be applied is properly held within about 500 volts per inch of length, subject, of course, 
to permissible power dissipation. ' ; 

Other varieties of power-type resistors include the following: strip type, plaque type, 
disk type, plate type, supported ribbon, ferrule or axial terminal, adjustable type, 
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Fra. 2, Resistance Frequency Characteristics of Several _Wire-wound Vitreous Enamel Resistors— 
50 Watts, 9/1¢ in. Diameter x 4 in. Core (Courtesy Ohmite Mfg. Co.) 
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Fig. 3. Reactance Frequency Characteristics of Several Wire-wound Vitreous Enamel Resistors— 


50 Watts, 9/16 in. Diameter x 4 in. Core (Courtesy Ohmite Mfg. Co.) 


molded type, and those with multiple or tapped windings. The adjustable type has a 
lengthwise strip of winding bared down one side of the core tube, and the resistor is 
provided with an extra encircling band terminal for clamp- 


ok ing down on and tapping the winding at any point along 
on its length. 

Z @) Close-tolerance Resistors. Although usual manufac- 
2,20 turing tolerances available are either +5 or +10 per 
3 60 TI cent, closer tolerances down to about +1 per cent can usu- 
50 & ally be obtained at increased cost. Tolerances closer than 
© 40 1 per cent are not generally furnished in power-type resis- 

oO . . . 
5 30 tors since self-heating frequently changes the resistance 
is value by at least 1 per cent. In the case of vitreous 
ay joel» enamel resistors the high firing temperatures involved in. 
a0 applying the protective coating and the consequent resist- 
oS 40.60.80 400 2nce changes during manufacture make closer adjustment 
peeren es : impracticable. Sometimes varnishes, lacquers, or asphalt 

perature in i ° 

degrees centigrade coatings are substituted for the high-temperature coverings 
Wiis; ABoestor eiersane pe to facilitate initial adjustment, to permit use of low-tem- 
jy aN perature-coefficient wires without loss of desirable charac- 


High Ambient Temperatures as 
Specified in JAN-R-26. Curve 
1—Nominal rating based on 250 
deg cent temperature rise. Curve 
2—Nominal rating based on 125 
deg cent temperature rise. 


teristics brought about through additional heat treatment, 
and to provide further protection against weathering in 
service. Such special coatings may necessitate derating 
as much as 80 or 90 per cent. 
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greater range of resistance value. 
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Fie. 5. Resistor Derating When Mounted in 
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resistors mounted horizontally—11/g in. diameter 
core tubes. All resistors of equal length and power 
rating. (Courtesy Ward Leonard Electric Co.) 
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Power-type resistors are occasionally wound in layers to achieve a 
Resistance wire having insulation capable of with- 


standing high temperatures as well as 
having a high degree of mechanical 
strength must be chosen for this type of 
resistance winding. 

Non-inductive Windings. Many of the 
power-type resistors may be obtained with 
windings of low inductance. Generally 
the Ayrton-Perry winding is used (see de- 
scription under ‘‘Precision-type Resis- 
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Fie. 6. Resistor Derating When Operated 
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tors’), which has the added advantage of low distributed capacitance and greatly in- 
creases the frequency range over which the resistor can be used effectively, particularly 


for low resistance values (up to about 10,000 ohms). 


Figures 2 and 3 show plots of the 


normalized effective series resistance and normalized effective series reactance against 


frequency for both standard and non-induc- 
tive (Ayrton-Perry) windings on 50-watt core 
sizes for resistance values of 100, 1000, 5000 
ohms, and are representative of the improved 
performance that may be expected from this 
type of winding. Normalized resistance or 
reactance is to be considered as the ratio of 
resistance or reactance to the d-c resistance of 
the resistor. 

Typical behavior and characteristics of some 
power-type resistors are shown in Figs. 4 to 10. 
Figures 4 to 7 show the required derating of 
resistors operated under unfavorable condi- 
tions; Figs. 8, 9, and 10 show behavior under 
overload and intermittent duty. 

LOW-POWER AND PRECISION-TYPE 
RESISTORS. This category is made up of 
those resistors in which power dissipation is a 
minor consideration; it comprises a wide va- 
riety of shapes and sizes. Since power dissipa- 
tion is not an important factor, many more ma- 
terials are available for body structures and 
protective coatings, including plastics and 
molding compounds, which are more readily 
adaptable to the form of unit required. 

Precision resistors fall within this category 
and are usually considered to be resistors which 
are manufactured to tolerances of +1 per cent 
or less and which are stable during their normal 
life and operating conditions to within toler- 
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Fie. 8. Heating Time Required 
to Raise Hot-spot Temperature 
300 Deg Cent for 50-watt (9/16 
in. x 4in.) Resistor for Overloads 
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bring full 300 deg cent rise in 
about 10 minutes. (Courtesy 
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ances of something less than the initial adjustment. 
today are the following: 

Spool Type, in which the winding is applied to a core body in the form of a spool, either 
molded or fabricated, to the dimensions necessary to accommodate sufficient wire for 
maximum resistance value desired and to dissipate rated watts with the minimum of 
self-heating. The spool may be divided into sections to control the voltage gradient 
between individual turns and between sections of winding and to permit some improve- 
ment in frequency characteristic over a winding applied in a single section. Typical sizes 
available are shown in the tabulation. 


A few of the types in general use 


Spool Dimensions, Maximum Resistance 
in. Watts Value, megohms 
Rating Minimum 0.0015 
Diameter | Length in.-diameter Wire 
19/39 19/39 0.5 0.15 
19/39 1 1/39 0.75 0.4 
25/39 1 9/39 1.0 1.0 


Flat-type resistors (card-type) usually consist of a single layer of bare or insulated wire, 
wound on a flat card of insulating material. The wound card is either encased in molding 
compound or is given a protective coating of lacquer or varnish. Maximum resistance 
value is typically of the order of 5000 ohms per inch of length and wattage dissipation 
about 1 watt per square 


inch of radiating surface. Table 2. Net Residuals of Typical Resistor Windings 


SL 


Pad-type resistors con- | ee 7" 
sist of multiple windings Winding Ty esistance, pproximate 
pe x 
on a spool or card to form ohms Net Residual 
oS es eee Continuous (flat-card type) 0-4.5 0-1.5 wh 
or use as attenuators. 4.5-20 05-355 ph 
Plug-in type resistors 20-600 3.5-15 wh 
are provided with termi- 1,000 70 uh 
nations at one end in the 10,000 +3 pf 
-tub 
as <item Continuous (tubular power type) 0- 200 2-15 wh 
4 ae 200— 800 15-60 ph 
inserting hanes pads 800-2, 000 60-130 wh 
ORCC Es 2,000-5,000 | 130-500 wh 
Flexible resistors are 
made in the form of a helix |Bifilar 10 0.5 wh 
wound on a flexible insu- 100 1.5 wh 
lating cord which in turn Reg ss me 
is insulated with a flexible ’ HE 
Coens Be a TYPES Reverse layer ee a a 
. , 500 Be 
Numerous types of wind- 10,000 100 pf 
ing are commonly used in 
resistors in an effort to at- |Reverse section 1,000 100 zh 
tain low residuals of ca- ai A a ue 
pacitance and inductance , +5 pp 
Goerved resistance voltae in [Reverse half-section ee st ma 
D ED oe 
the most economical way. 10,000 30 pf 
Some of these winding 
types are shown here. |Mandrelated filament 1,000 1-2 pf 
Typical residuals obtained ‘arabs bse, wat 
are shown in Table 2. anten wey ee 
Continuous Winding. 100 000 2-5 ar 
The simplest of all wind- 200. 000 3-8 auf 
ings is one in which the 
wire is wound on a core |Parallel opposing (Ayrton-Perry) 100 0-1 wh 
continuously in one direc- 1,000 1-2 ph 
tion, known generally as a 10, 000 1-2 uf | 


continuous or inductive 

winding. If the wire is wound in layers, the residuals of both capacitance and inductance 
are large and the resistor can be used merely for very low frequencies or direct-current 
applications. By winding in a single layer on a core of small cross-sectional area such as a 
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flat card or small-diameter core, the inductance and capacitance are reduced. By spacing 
the turns and keeping the wire size to the minimum almost any desired residual may be 
achieved with the obvious limitation that short lengths of wire become increasingly difficult 
to adjust. 

Bifilar Winding. This winding is used most generally where low inductance is required. 
In this winding the wire is bent back on itself at the midpoint so that the two half-lengths 
are side by side, separated by the insulation only. In this straight form any given wire 
has the minimum possible inductance. This minimum inductance L may be computed 
from the formula: 


2D 
L = 0.0051(2.303 logio a + 0.25) wh 


where / = total length of wire in inches, D = distance apart, between centers, d = diam- 
eter of the bare wire, and uh = microhenries. D and d are expressed in the same units. 
In practice this loop is generally wound on a core (see Fig. 11), 


Bone ried often in several layers, with the result that Z is increased slightly. 
down to core Spool The bifilar winding has the disadvantage of high distributed capac- 


itance. Next to a straight inductive winding, it is the cheapest 
winding to apply. 

A modification of the straight bifilar winding is the series-bifilar 
winding in which the total length of wire is divided into sections, 
each wound separately as a bifilar loop and the sections connected 
in series. This has the advantage of maintaining minimum induct- 
ance and of reducing the capacitance by any desired amount, 
inasmuch as the capacitance is approximately inversely propor- 


Two wires wound 
together in parallel 


for one or more layers tional to the square of the number of sections. This results in 
Fig. 11. Bifilar Wind- 2 g00d resistor, but it is expensive to apply, and since simpler 
ing’ windings generally give practically the same results it is seldom 


used in regular production. 

Reverse Layer Winding. The reverse layer winding (see Fig. 12) is used where the 
frequency range is low enough to permit appreciable residuals and where the spool is not 
divided into sections for a sectional winding. The direction of turns is reversed for each 
layer. It approximates the series-bifilar winding, but, because each layer must be secured 
in place before reversing turns, it is expensive where a large number of layers are applied. 
To be non-inductive it must have an even number of full as well as partial layers. 


Section through winding on 
center line of spool 


Notes: 

1. Section shows alternate full 
layers and final partial layers Section through winding on center line of spool 
wound in opposite directions. Notes: 

© indicates layer wound 1. @indicates section of winding wound toward the 

towards observer. @ indicates observer. 
layer wound away from obser- ® indicates section of winding wound away from 
ver. observer. 

2. Winding always consists of 2. Approximately the same number of turns are wound 
even number of full and in each of the sections. 
partkal layers. 8. Figures indicate winding order. 

Fig, 12. Reverse Layer Winding Fia. 13. Reverse Section Winding 


Reverse Section Winding. The reverse section winding (see Fig. 13) is used largely 
for high resistance values. This winding is divided into two or more adjacent sections of 
equal size and number of turns. As in the series-bifilar winding, the distributed capacitance 
is approximately inversely proportional to the square of the number of sections. The 
turns in adjacent sections are wound in opposite directions to reduce the inductance, 
thereby approximating the reversed layers of a reverse layer winding. Generally the spool 
is sectionalized to simplify the winding. However, if the wire is large and the turns cor- 
respondingly few, the same effect is attained in a bunch-type winding in which the wire 
is wound in successive bunches around the core. 

Reverse Half-section Winding. Although the reversed section winding gives excellent 
results for capacitance reduction, the magnetic coupling between adjacent sections is so 
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low that in spite of reverse turns the inductance is often too high. This is especially true 
for values ranging from 1000 to 4000 ohms. Although above this upper limit high residual 
inductance still obtains, tolerable phase angle results because of the increasing effect of 
higher resistance value in the L — CR? relationship of eq. (6). Reversing by half-sections 
has the effect of increasing the capacitive and decreasing the inductive residuals. This 
winding is somewhat more expensive to apply than the reverse section type. 

Parallel Opposing (Ayrton-Perry) Winding (See Fig. 14). This type of winding consists 
of two inductive windings on a core with turns equal and in opposite direction. A spaced 
layer of either insulated or bare wire is first applied in one direction. The second wire is 
wound in the opposite direction between the turns of the first winding. When bare wire 
is used, the cross-overs must be at T 

. . 5 . 0 common 
exactly diametrically opposite sides of terminal Crossovers (points of equal potential on each wire) 


the core so that contact occurs at ‘ 
points of equal potential on each wire. <\ Uf 
The two windings are connected in C+.) > 
parallel. The distributed capacitance T\ 
is low, and the opposing currents in 


the two wires produce the minimum 


To common 


of magnetic effect. It has the dis- Two wires wound on core in single layerin terminal 
advantage of requiring four times as opposite directions, crossing twice per turn 
5 = a 5 at diametrically opposite points of 
much wire of any given size to obtain elrcumference 
the same value produced from a nor- Fre. 14. Parallel Opposing (Ayrton-Perry) Winding 


mal single-wire winding. 

Mandrelated Filament Winding. This is an adaptation of the continuous winding dis- 
cussed earlier, in which a single layer of resistance wire is wound on a flexible core. The 
helical filament so formed can then be handled in much the same manner as ordinary 
resistance wire. A number of such filaments have been developed with resistance wire, 
dimensions, and turn spacing so selected that for any straight length of filament the in- 
ductive component L/R is substantially equal to the capacitive component CR. The 
effect of winding on a form and terminating the filament is to increase the capacitance 
slightly. Because of the excellent frequency characteristics and the high resistance per 
linear length of filament (up to 2400 ohms per inch in 0.030-in. diameter of insulated 
filament), this type of winding is widely used for high resistance values in many of the 
designs developed for use in the communications field. 

Miscellaneous Windings. Numerous other windings have been developea for use at 
high frequency that serve satisfactorily but are not in general commercial use except in 
precision-type measuring apparatus and in resistance standards. One of these is the 
““woven type’”’ in which wire is woven into a cloth or ribbon pattern giving the effect of a 
continuous winding on a card of infinitesimal thickness. Rather intricate patterns are 
sometimes used to obtain low phase angle. Constructions such as ‘‘reversed turn” and 
“Curtis” windings require handling of each turn individually and therefore do not lend 
themselves to economic manufacture in mass production. Occasionally zero phase angle 
is achieved by adding the necessary amount of capacitance or inductance to a completely 
wound unit. 


3. COMPOSITION CARBON RESISTORS 


FIXED RESISTANCE RESISTORS. The designation ‘‘composition resistor’ denotes 
a type of resistor that has very wide application in electronic equipment and apparatus 
because of its light weight, compactness, wide range of resistance values covered, and ease 
of mounting. It is primarily used in circuits where drift and variation in resistance value 
with time, temperature, humidity, and applied voltage are not of particular significance. 
In general, the resistive element in a composition resistor is a combination of finely divided 
carbon or graphite, a non-conducting inert material or filler such as talc, with synthetic 
resin as a binder. These substances are proportioned so as to yield the proper resistance 
value in the finished product. : 
_ Composition resistors are available in insulated and non-insulated types. In general, 
the large majority of composition resistors used in electronic equipment is of the insulated 
type. In this type the resistive element of the unit is surrounded by a substantial housing 
of insulating material, such as mineral-filled Bakelite, so that there is no possibility of 
contact with the element other than through the wire terminal leads of the resistor. 
The usual form of insulated resistors for wattage dissipations of 2 watts and less is a 
eylindrical_body provided with axial terminals. In the uninsulated resistor, a cylin- 
drical rod of resistive material is generally equipped with radial leads and the unit is 
painted. 
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SIZES AND RATINGS. Typical sizes in general usage of fixed insulated axial lead 
resistors with cylindrical bodies are as listed in Table 3. 


Table 3. Sizes of Cylindrical Insulated Resistors 


Nominal Maximum | Maximum , 
Wattage Body Body eee ae mE 
Rating Length, Diameter, ORB : Pe 
at 40°C in. in. as 1s 
On25 0.438 0.125 1 1/p + 1/8 0.028 
0.50 0.438 0.156 ll/g + 1/8 0.028 
1.0 0.750 0.280 1l/o + 1/8 0.032 
2.0 0.750 0.344 1W/g+1/g 0.036 


The resistors listed in Table 3 are available in resistance values ranging from a few 
ohms to 22 megohms on a manufacturer’s standard basis, with the qualification that the 


0.25-watt unit x not be 
2S ae os eines V8 Table 4. Nominal Resistance Values 


low as for the other units. (RMA preferred number system) 


These resistors are fur- CG elon onto 
nished in accordance with maleratnes 
the RMA preferred num- éhws mmeeonrns + per cent 
ber system for the values 
and tolerances shown in 10 100 1,000 10,000 | 0.10, 1.0, 10 5, 10, 20 
Table 4. 1 110 1,100 11,000 | 0.11, 1.1, 11 5 
12 120 1,200 1:2000,9)|) On d2)0224125 ee Sea0 
13 130 1,300 13,000 | 0.13, 1.3,13] 5 
15 150 1,500 15,000 | 0.15,1.5,15] 5, 10, 20 
16 160 1, 600 16,000 | 0.16, 1.6, 16] 5 
F x 18 180 1,800 18,000 | 0.18, 1.8,18] 5, 10 
1 1 1 Tolerance 20 200 2,000 20,000 | 0.20, 2.0,20} 5 
tnaledeclrmatimutiiptles 22\i fy e22Oiri|: 2 BOOLwe| el 22000r | 0522, °2, 222*hulks 10120 
a } papiticant 24 240 2,400 24,000 | 0.24, 2.4 5 
; eit 27 270 2,700 DIAOOO MOS 27 a2 5, 10 
Fig. 15. Standard Color Cod- 30 300 3,000 30,000 0.30, 3.0 5 
ing 33 330 3, 300 33,000 | 0.33, 3.3 5, 10, 20 
; F 36 360 3, 600 36,000 | 0.36, 3.6 5 
_ The resistance value is | 39 | 390 | 3,900 | 39,000 | 0.39, 3.9 5, 10 
indicated by a color code 43 430 4,300 43,000 | 0.43, 4.3 5 
applied to the resistor as 47 470 4,700 47,000 | 0.47, 4.7 5, 10, 20 
shown in Figs. 15 and 16 51 510 5,100 51,000 | 0.51, 5.1 5 
and Table 5. The exterior A 7s eee ee aes ? 3 ‘ 10 
bodyycoloriof insulated re- 155, \lbcaottl? 6 soo. Pes OOo | aresters 5, 10, 20 
sistors may be any color 75 750 7,500 75,000 | 0.75, 7.5 5 
except black. Itisrecom- | gz | g20 | 8.200 | 82,000 | 0.82, 8.2 5, 10 
mended that the maxi- 91 910 9,100 91,000 | 0.91, 9.1 5 


mum continuous working 
voltage, either d-c or rms a-c, should not exceed 250 volts for the 0.25-watt unit; 350 
volts for the 0.5-watt unit; and 500 volts for the 1- and 2-watt units. 


Table 5. Color Code 


Tolerance Significant 
Figure or : 1 Bp So San 
Golor Numnberies Decimal Tolerance, ! : ye 
Tae Multiplier per cent Wy @ GY 
| 
Bigeye, B4he 0 \\ iene UH} 
Brownies aos 1 ' 
Red ecce tae. 2 
Orangeatas enaee 3 | 
Vellowascactesis: 4 I 
Greene nee ack: 5 
Blues ja. cstee sare 6 Ur 
Violetss janwenrerne 7 
Grays cat 8 Nurhnber of zeros or 
Whites. tees ale 9 ! decimal multiplier 
(CGE “Agonaso as 0.10 Bei 8) Fie. 16. Alternate Color Cod- 
Silver, Sap croerers 0.01 +10 ing for Radial-lead Resistors 
INOICGIOK: rise +20 


— 
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PERFORMANCE CHARACTERISTICS. In addition to obvious requirements on the 
mechanical properties of a resistor, such as ruggedness, security of terminals, legibility of 
color code, and its d-c resistance value and tolerance as established by a suitable d-c 
resistance measurement, the following properties are of interest for commercial uses. 

Resistance-temperature Characteristic. Table 6 indicates the range within which an 
insulated composition resistor may be expected to vary at the temperatures indicated. 


Table 6. Insulated Composition Resistor Variations Due to Temperature 


Maximum Per Cent Change in Resistance from Value at 
Ambient Temperature of +25°C 


Nominal Resistance Value 
To —15°C To —55°C To +65°C | To +105°C 


Ambient Ambient Ambient Ambient 
hOrohmisi to 1000tohmssi. i a. ale —0, +3.5 —0, + 6.5 +3 +5 
1010 ohms to 10,000 ohms............ —0, +5 —0, +10 +4.5 +8.5 
10,100 ohms to 0.1 megohm........... —0, +6.5 —0, +13 +4.5 +8.5 
Over Ol) meg ms ciscec ecdcc suecsncosyoceuvlaro Sos —0, +10 —0, +20 +5 +10 


Voltage Coefficient. This coefficient relates to the percentage change in resistance value 
per unit change in voltage with applied voltage as distinguished from any effects caused 
by heating at the applied voltage. It arises from a change in the conducting properties 
of the resistive material as the applied voltage is varied. Voltage coefficient is usually 
determined for resistors of 1000 ohms and above as follows: 

Ri — Re ¥ 1 

Ry Ei — 
where £; = rated continuous working voltage, HZ, = 0.1 rated continuous working voltage, 
R, = resistance at rated continuous working voltage, and Rf, = resistance at 0.1 continuous 
working voltage. For resistors rated at 1/4 and 1/,g watt, the voltage coefficient should 
not exceed 0.035 per cent per volt, and for higher-wattage resistors it should not exceed 
0.02 per cent per volt. 

Humidity Effects. Test data indicate that molded-housing-type insulated resistors 
which have been thoroughly dried and then subjected to a condition of 90 per cent relative 
humidity at an ambient of 30 deg cent for 200 hours may in general be expected to stay 
within a limit of about 5 per cent, the magnitude of the change depending upon resistance 
value. The product of certain manufacturers is also capable of withstanding exposure to 
100 per cent relative humidity at an ambient temperature of 66 deg cent for 250 hours 
without changing in resistance value by more than 10 per cent. 

Noise. Current noise arises within the resistive element of a composition resistor pri- 
marily because of the microphonic nature of particle-to-particle conduction of current 
in the structure. In some resistors noise may also : 
originate at the junction between the lead wire and 
resistive element because of imperfect contact. 410909 el tose 

It has been found that the product of certain ie 
manufacturers will have root-mean-square values 
of current noise with rated d-c voltage applied 
to the resistor terminals less than 3 rms micro- 
volts per volt for !/2-watt units up to a resistance 
value of 1 megohm, and 6 rms microvolts per volt 
for resistance values above 1 megohm. [For 1- 
and 2-watt resistors, the noise level may be ex- 
pected not to exceed 1.2 rms microvolts per volt. 

Load-life Characteristic. D-c load tests con- 
ducted at 40 deg cent have shown such extremely 20 
wide variations in resistance change in 1000 


Voltage coefficient (per cent) = 100 


50 


Per cent of rated power 
ron) 
° 


oO Bs 
Co oO 


5 10 
hours that no general statement is of value. 
; th ee fe) 
Units have been found to age either positively 9 10 20 30 40 50 60 70 80 90100110 
or negatively, the film-type resistor usually show- Ambient temperature In degrees centigrade 
ing an increase in value and the body type a Fie. 17. Derating Curve for High Ambient 
decrease in value. Hence the manufacturer Temperatures 


should be consulted for specific information on 
the performance of his product. However, resistors are available which will not change 
more than 10 per cent under this 1000-hour load test. 

For resistors designed to carry 100 per cent of rated load at 40 deg cent ambient, it is 
recommended that the derating curve shown in Fig. 17 be followed to prevent undue aging. 
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It will be noted, for example, that resistors functioning in an ambient of 85 deg cent should 
be operated at not more than 25 per cent of rated load. Resistors are also available which 
may be operated at full wattage at 70 deg cent with a derating to zero wattage at 150 deg 
cent. 

Effect of Soldering. Care must always be taken to prevent the quality of a composition 
resistor from being seriously impaired and its resistance value and stability affected sig- 
nificantly by excessive heating during the operation of soldering its terminal leads to 
apparatus or equipment terminals. The leads should be left as long as possible and prefer- 
ably not less than 3/g in. 

Additional Characteristics. In addition to the properties and tests described above, 
other characteristics of interest in military work and of possible importance in certain 
commercial application may be mentioned: voltage breakdown strength of the insulation 
on insulated-type resistors; high-altitude flashover voltage; performance after salt-water- 
immersion cycling; effects of thermal shock under temperature cycling in air; effect of 
mechanical vibration on mounted resistors; performance under other types of load-life 
tests; short-time overload performance; and ability to withstand specific mechanical tests 
on the security of terminals. Further details on tests and expected performance may be 
found in Specification JAN-R-11. 

FREQUENCY CHARACTERISTIC. In general the inductance associated with com- 
position resistors is sufficiently small to be disregarded. At low frequencies the value of 
resistance R is the same as the d-c resistance, but as the operating frequency is raised the 
value of R starts to decrease and may reach a value which is only a few per cent of the d-c 
value. The frequency at which R begins to show a significant decrease in value depends 
upon its d-c value; that is, the greater the d-c value of a resistor, the lower the frequency 
at which departure from the d-c value is observed. Incidentally, parallel capacitance C 
shows a similar decline in value, but the amount of change is significantly less than the 
reduction in resistance. 

Figure 18 shows the variation in resistance with frequency of two different 1-megohm 
insulated resistors of 1/2-watt rating. These resistors are practically identical in physical 

size, but one has a resistive 


gf Nominal rating, 22 watt element in the form of a 
£ 0.9 Size, see table 1 composition film on the sur- 
Bo-6 Dreitestsrange, 1 megop face of a glass tube and the 
BO. |_| I] other has a resistive element 
22 0.6 [ of the body type. Resistors 
30.5 | ty + that have been found to 
Eloi uf al HI | ol show the least decrease with 
x2 0.3 frequency have a very thin 
oe | [| & uniform resistive film on a 
2 oe (Qing rod or tube of low-loss di- 
ey nH = electric material in which 
a 


os 2 461040 1007 400-172 346 1020 40 100 the ratio of length of ele- 
Kilocycles per second | Megacycles per second ment to its diameter ue large 
Frequency and in which no exterior 
Fie. 18. Variation of Parallel Resistance R with Frequency for 1- covering or coating material 
megohm Molded Insulated Housing Type of Resistor is in contact with the sur- 

face of the element. 

It has been observed that, in a given specific type of resistor, the ratio of parallel a-c 
resistance to the d-c resistance is approximately constant for a fixed value of the product 
of operating frequency and d-c resistance value. That is to say the ratio is approximately 
the same for a 10-megohm unit operating at 0.1 mc, a 1-megohm unit at 1 me, and a 0.1- 
megohm unit at 10 me. In each instance the product of megohms and megacycles is 
unity. Applying this example to the curve given for the body-type resistor in Fig. 18, 
and noting that at 1 mc the 1-megohm resistor has 53 per cent of its d-c resistance, a 
resistor having a value of 10 megohms (d-c) and being of the same construction as the 
1-megohm unit for which the curve is drawn would have a parallel resistance of around 
5.3 megohms at 0.1 me. Also a 0.1l-megohm unit (d-c) at 10 me would have a value of 
about 53,000 ohms parallel resistance. It is very important to observe that this relation- 
ship is only approximate and also must be established for each specific type of resistor. 
This is evident from the fact that, for a product of unity for the film type of resistor shown, 
the parallel resistance is about 80 per cent of the d-c value, as compared to 53 per cent for 
the body-type unit. 

Table 7 indicates the approximate frequency at which a 1-megohm resistor will have a 
parallel resistance of 0.5 megohm for 0.5-, 1- and 2-watt resistors within the dimensional 
limits stated in Table 3. With the product relationship discussed above, the data in Table 7 
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may be used to estimate the frequencies at which other resistors of the same size and type 
will drop to values of parallel resistance equal to half of the d-c resistance. 

The parallel capacitance C associated with these resistors is also a function of resistor 
construction, resistance value, and frequency. Considerable variation in capacitance 
value for different samples of the same type has been noted, but the value appears to be 
in the order of 1 to 3 wf, falling with frequency to around 0.5 to 1 put. 

HIGH-FREQUENCY AND HIGH-VOLTAGE TYPES. Another line of composition- 
type resistors is available which is designed for high-voltage and high-frequency applica- 
tions. These have various wattage ratings 
from less than 1 watt to about 100 watts. Table 7. Resistance-frequency Character- 


In general the high-frequency type con- istics of Specific Resistors 
sists of a continuous film of resistive element 
on the surface of a ceramic tube. In size, as Frequency in Megacycles 
typified by the product of one manufac- | !-megohm Resistor for R of 0.5 Megohm 
turer, these resistors range from units about Nominal Wattage ; 
1/g in. in diameter and 1/2 in. long with wire oe fp eee ae ay 
lement Element 


lead axial terminals to units about 2 in. in 


diameter and 20 in. long overall, including 0.5 20 1e2 
ferrule terminals. Resistance values of a few 1.0 3.0 0.8 
ohms to several megohms are available, de- Dis Ore EMM oe lores bonne 0.4 


pending upon the physical size of the resistor. 

High-voltage composition-type resistors are of similar construction to that described 
for the high-frequency type, except that the resistive element is usually in the form of a 
spiral or ribbon to provide a long conducting path. They are available in sizes ranging 
from units 5/16 in. in diameter and about 2 in. long rated at 2 watts and 7500 volts maxi- 
mum, to units 2 in. in diameter and about 20 in. long rated at 150 watts and 100,000 volts 
maximum. Resistance values obtainable range from a few thousand ohms to a million 
megohms. 


4. DEPOSITED-CARBON RESISTORS 


GENERAL DESCRIPTION. ‘Deposited-carbon resistor’? denotes a kind of resistor 
in which the resistive element is a film of carbon deposited on the surface of a suitable 
ceramic core by the thermal decomposition of gaseous hydrocarbons at high temperatures. 
This film is extremely thin and by proper control of the coating process may be varied in 
thickness within the range from 1 X 1074 to 5 X 107-8 in. The resistance of such films 
ranges from about 5 ohms per unit square to about 10,000 ohms per unit square. ‘‘Ohms 
per unit square” denotes the resistance as measured between opposite edges of a square 
of resistance film of the thickness indicated. 

Electrical connection is made to the carbon film by applying low-resistance electrodes 
of either graphitic or special metallic paint. These electrodes are cured by suitable heat 
treatment, and then metal caps with integral lead wires are forced over them. Since the 
carbon film is sensitive to abrasion and also needs protection from contamination, the 
resistance structure is coated with a suitable baking varnish or housed in an enclosure. 
Resistors having resistance values up to a few thousand ohms are formed of uniform films. 
High-ohmage units are obtained by cutting a helical groove through the carbon film to 
form a ribbon of film wound around the core between the end electrodes. The surface 
perfection of the ceramic core and its other physical and chemical properties have a marked 
effect on the electrical characteristics of the resistor. 

USAGE. Deposited-carbon resistors provide exceptional resistance stability and com- 
pactness in high values of resistance. Also, because of low residual inductance, the power- 
type varieties are of value as load resistors in testing high-frequency equipment. Special 
shapes of deposited-carbon resistors in the form of suitably terminated small rods and 
disks are available for assembly in coaxial-type attenuator units for use in making accurate 
attenuation measurements up to frequencies of several hundred megacycles. 

SIZES AND RATINGS. Typical figures for the product of one manufacturer are given 
in Table 8. These resistors have cylindrical bodies. The resistors with the shell enclosures 
have axial leads and are intended for general-purpose use. The glass-enclosed units are 
hermetically sealed with an inert gas in the enclosure and are provided with ferrule end 
caps as terminals; they are intended for applications in which high stability in resistance 
value or high levels of power dissipation are involved. 

PERFORMANCE CHARACTERISTICS. The general-purpose resistors and the 
glass-enclosed types for high-stability application. are available in tolerances as close 
as +1 per cent. The large power dissipating units are available in tolerances of +5 


per cent. 
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Table 8. Ratings and Sizes of Deposited-carbon Resistors 


3 Approximate Overall Resistance Range, Short- 
Rating Wattage, Size, in. ohms period | Protective 
Nom Maximum * Peak Enclosure 
at 30°C Diameter Length Minimum | Maximum | Voltage t 
shape ah UN aa ae 
0.5 iyo) 11/32 ‘4 e 
1.0 3.0 11/39 2 1/16 200 5 xX 107 15,000 Shell 
1.0 10 7/16 21/4 200 107 2,000 Glass 
2.0 20 7/16 31/4 200 1.5 & 107 6,000 Glass 
60 5/8 411/16 20 107 10,000 Glass 
300 11/4 8 3/4 20 5X 106} 20,000 Glass 
600 11/4 14 3/4 40 107} 40,000 Glass 


* At maximum wattage, resistance may differ from 30 deg cent value by decreases of 10 to 15 per cent. 
+ Not to exceed that required for maximum power rating. 


Temperature Coefficient. The temperature coefficient of the carbon film depends upon 
its thickness and ranges from about — 180 parts per million per degree centigrade for very 
heavy coatings to about —500 parts per million per degree centigrade for light coatings. 
Furthermore, the application of protective lacquer to the film may modify its temperature 
coefficient by virtue of mechanical effects on the film. The physical properties of the 
ceramic base also affect this coefficient. Hence the temperature coefficients of these 
resistors range from about — 0.02 to possibly —0.10 per cent per degree centigrade, depend- 
ing upon resistance value and constructional features. The resistance-temperature curve 
is approximately linear over the temperature range of —40 deg cent to +60 deg cent. 

Voltage coefficient is in general negligible for deposited-carbon units. Occasionally an 
individual resistor may show a slight resistance variation with voltage but probably not 
more than 0.002 per cent per volt. 

Humidity effects depend upon the structure of the resistor and in hermetically sealed 
units become a matter of leakage across the surface of the housing. The following figures 
are indicative for general-purpose units with shell enclosures. After exposure to a condition 
of 90 per cent relative humidity at an ambient of 30 deg cent for 200 hours, the maximum 
change in resistance may be expected to be less than 1 per cent, with an average change 
of less than 0.5 per cent. 

Noise. At low levels of voltage, deposited-carbon resistors exhibit pure thermal noise, 
but as the voltage is raised other electrical noise may be observed. This may be some form 
of contact noise due to imperfections or loose contacts in the carbon film. However, at 
rated load the noise level, excluding thermal noise, may be expected not to exceed 0.25 
rms microvolt per volt. 

Load-life Characteristics. General-purpose-type deposited-carbon units when operated 
at their normal wattage rating may be expected to show average changes in resistance 
value of not more than 1 per cent after 2000 hours. Occasional units may age as much as 
1.5 per cent. Hermetically sealed resistors operated at high power levels may show more 
rapid aging. For example, the 7/15 X 31/4 unit in Table 8 may change in resistance value 
up to 3 per cent after 3000 hours of operation at 10 watts. Load aging may cause either a 
positive or negative change in resistance but generally results in a positive change. In 
using power-type resistors, care must be taken to insure that the voltage gradient within 
the resistor is not sufficient to give rise to corona or cause flashover between adjacent turns 
of a spiraled element and thus damage the unit. 

Like composition resistors, when deposited-carbon units are operated in high ambient 
temperatures they should be derated. For types which are not hermetically sealed, it is 
recommended that the maximum operating surface temperature of the carbon film not 
exceed 120 deg cent. Since their normal rating is established at 30 deg cent, the wattage 
ratings for these units should be decreased by about 1 per cent for each degree centigrade 
that the ambient exceeds 30 deg cent. For glass-sealed units, which under maximum power 
ratings may operate at surface temperatures up to 450 deg cent, the ratings can be re- 
garded as independent of ambient temperature up to about 80 deg cent. The manu- 
facturer should be consulted for further derating information for the specific conditions 
of application. The ratings of power units can be increased several fold by forced air cool- 
ing, and, for a-c application, resistors are available which may be liquid cooled through 
direct contact of the coolant with the film. Anodic oxidation of the film precludes the 
use of water cooling on d-c applications. 

The effect of soldering is negligible on lead-type units, provided, of course, that the re- 
sistor is not damaged by direct contact with the soldering tool. 
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No-load Aging. Under conditions of no-load or shelf-aging, deposited-carbon resistors 
of the general-purpose type may be expected to drift in value not more than 0.1 to 0.2 
per cent per year. Hermetically sealed units appear to have a stability in resistance value 
of the order of 0.005 per cent per year, which is about the limit of error in measurements 
extending over such atime period. In fact the stability of high-quality hermetically sealed 
carbon film resistors, particularly in the megohm region, appears to be at least as good as, 
if not better than, that of equivalent resistance wire-wound units. 

FREQUENCY CHARACTERISTIC. Deposited-carbon resistors exhibit a decrease in 
parallel resistance with frequency. However, the rate of decrease does not appear to be 
as rapid as in the insulated-type composition resistor, and it is less for the glass-enclosed 
type than for the varnished or shell-protected unit in which the protecting material is in 
contact with or very close to the carbon film. A 1-watt varnish-coated 1-megohm unit, 
in. in diameter and 2 1/1 in. long, drops to 0.5 megohm parallel resistance at about 

me. 

Whereas the inductance of an unspiraled film is negligible, the inductance of a spiraled 
unit may be appreciable. For example, the inductance of a 1-megohm resistor of the 
7/16 in. X 31/4 in. size in Table 8 is about 1.1 microhenries. Though spiraling increases 
inductance, the ratio of inductance to resistance remains essentially unchanged. Since 
the effects of distributed capacitance are changed only slightly by spiraling, the alteration 
in high-frequency behavior of a resistor which is spiraled to a high resistance value is 
largely that associated with the resistance increase alone. 


5. METAL FILM RESISTORS 


These resistors are formed by coating a base of suitable material with a very thin film 
of metal or metallic alloy. This film may be applied to the base by cathode sputtering or 
metal evaporation processes, and by chemical methods. It is quite thin, being of the order 
of 1077 in. thick. The material used for the base may be ceramic, glass, or an organic body 
such as Bakelite. 

In one construction, a thin film of palladium is deposited by a chemical process on a 
ceramic-core tube. The ends of the film are coated with silver or some other metal to 
form electrodes for the attachment by soldering of radial lead wires. The film is covered 
by a form of vitreous covering to afford protection against oxidation and corrosion as well 
as against mechanical damage. High values of resistance are obtained by cutting a helix 
through the metal film into the core, in the same fashion as deposited-carbon film resistors 
are helixed. For further protection the whole unit, including the portion of the lead wires 
in contact with the resistor body, is lacquered. Resistors made in this way are available 
over a range of resistance values in several sizes corresponding to different wattage ratings. 
They possess good electrical stability under aging and load conditions, and they have good 
heat-dissipating properties. As determined from observations on a limited number of 
samples with a nominal rating of 1 watt, aging under d-c rated load is predominately 
positive as regards resistance value and may be of the order of 1 to 5 per cent after 1000 
hours, depending upon resistance value. The temperature coefficient is negative and 
varies to some extent with resistance value. It also shows considerable departure from 
linearity over the temperature range of — 40 deg cent to +80 deg cent. Referred to resist- 
ance value at 20 deg cent, resistors increase in value by about 5.5 per cent at — 40 deg cent, 
and at 80 deg cent they decrease in value by about 3 per cent. 

In another construction of metal film resistor, a resistance alloy such as Nichrome is 
evaporated to form a very thin film on the surface of a glass tube or rod. A layer of pro- 
tective material is placed over this film, and lead wires are attached in the same general 
manner as described above. An advantage of this type of construction is that the low 
temperature coefficient of the resistance alloy is retained in the resistor. 


6. POTENTIOMETERS AND RHEOSTATS * 


Potentiometers and rheostats in general use in the communications and electronics 
fields may be classified as wire-wound and composition types. Those most extensively 
used are the continuously adjustable type, where a movable contact traverses a resistance- 
wire winding or a composition resistance element in small increments of their lengths. In 
most instances the movable contact is controlled by a rotatable shaft, although in some 
the resistance element is rotated. It is standard practice to have terminals for both ends 


* Article 6 was contributed by A. H. Volz. 
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of the resistance element in addition to a terminal for the movable contact so that they 
may be wired either as potentiometers or rheostats. 

Most of the potentiometers and rheostats hereinafter described may be obtained in 
tandem arrangement either with a common shaft which adjusts each unit simultaneously 
or with concentric shafts which permit independent adjustment of the tandem units. 

WIRE-WOUND POTENTIOMETERS AND RHEOSTATS. Low- operating-tempera- 
ture potentiometers find application as voltage- and current-adjusting devices in low- 
energy circuits. The power ratings are based on operation in 


es free still air at an ambient temperature of 40 deg cent with a 
90 maximum temperature rise of 60 deg cent. A power derating 
80 curve is shown in Fig. 19. When potentiometers are enclosed 

and in close proximity to other components it is considered 
3 70 good practice to limit the power dissipation to about one-half 
a 60 the rating. 
3 The types that find the widest application are the small 
£50 circular potentiometers that range from about 1 1/4 in. to 2 in. 
5 40 in diameter and are rated from about 2 to 4 watts. - In this 
ns type bare wire is space wound on a flat strip of insulating mate- 
a. 30 rial, usually a laminated phenolic, which is then formed into 
20 a circular shape and set into a housing or case.’ The contact 
shoe or brush is made of a base metal or an alloy of base metals, 
10 A 
supported on a spring member. The force exerted on the 


co} resistance wire by the base-metal contacts usually ranges from 
£2 a 6? eee about 100 to 200 grams, sufficient to keep the contact resist- 

mbient temperature in aa 5 
degrees centigrade ance below 1 ohm, providing a satisfactory level of contact 
F : noise for most applications and a useful life of 25,000 to 

1a. 19. Power Derating i tae 5 5 
Curve for Continuous Duty 100,000 cycles of operation. Individual potentiometer designs 
may show changes in resistance from 1 to 10 per cent over 
the ranges of temperature and humidity usually encountered. 

In general it is desirable to use no smaller than 1.75 mil wire (usually similar to Ni- 
chrome), resulting in maximum resistance of about 50,000 ohms for the 2-in.-diameter 
size and 10,000 ohms for the 1 1/4-in. size. Standard tolerances on resistance are +10 per 
cent. Closer tolerances and higher resistance values can be obtained on a custom basis. 
Finer wire is more susceptible to wear and electrolytic action. 

Various resistance-rotation characteristics are available, the most extensively used 
being the linear type wherein the rate of change of resistance between the contact terminal 
and one of the end terminals is approximately 
constant with angular rotation. In these small 
types the degree of linearity is usually of the 


100 


order of +5 per cent of total resistance. This 80 
type of characteristic is illustrated by curve A ¢@ 
of Fig. 20. 8 
For special applications, non-linear or ta- 3 6 
pered potentiometers can be obtained. This £ 
non-linear characteristic is effected by chang- £ 50 
ing the pitch of the winding at certain points = 40 
in the range of rotation or by changing wire 8 
size or by a combination of both. Curve B of 5 
Fig. 20 illustrates a clockwise and non-linear ™ 20 
characteristic in which there are two sections 
differing in their rates of change of resistance. a 
As a high percentage of the total resistance pasa 
may be concentrated in a small portion of the | ®, ch) “Ae eas ; oa 100 | 
resistance element, it is recommended that Left St ae bagneae oe Right | 


| 
: t 
non-linear controls be rated at about half of [oe rel mechanical rotation soe 
the rated power of linear controls of the same Fie) 20: Clockwise Tapers 


designs. 


For continuous operation of linear types, the maximum current through the entire re- 
sistance element or through any portion thereof should not exceed the value given by the 


following equation: 
R 


where W is the wattage rating, & is the total resistance, and J is the maximum permissible 
current. The maximum current for each section of a non-linear control should be deter- 


———— 


POTENTIOMETERS AND RHEOSTATS 3-19 


mined from the above expression except that R, instead of being the actual total resist- 
ance, should be that value which would obtain if the entire resistance element were wound 
with the same size wire as the particular section. 

There is another group of circular, wire-wound, low-operating-temperature potentiom- 
eters which are approximately 3 in. in diameter and range from about 1 1/4 in. to 2 5/g in. 
in depth, and in power rating from 8 to 15 watts. The winding is usually clamped around 
a molded phenolic base. This class of potentiometer is usually provided with a winding 
of a higher degree of uniformity than the smaller types, owing to the use of higher-precision 
winding methods. As a result linearly wound potentiometers are obtainable with linearity 
ranging from 1 to 0.3 per cent. Non-linear types are usually produced by shaping the card 
or strip on which the wire is wound, which is possible because of the greater depth of the 
winding. The amount of taper is limited by the maximum slope (angle between winding 
axis and shaped side of card) that can be wound without having the winding collapse. 
which for close winding is about 40 deg. The deepest linear unit of this group can be wound 
to about 200,000 ohms without resorting to Nichrome wire finer than 1.75 mil in diam- 
eter. These types are readily obtainable with low-temperature-coefficient wire such as 
Advance, which, however, will wear more rapidly than Nichrome since it is softer. An 
idea of the performance capabilities of potentiometers of these two groups can be obtained 
by referring to the Joint Army-Navy Specification JAN-R-19. 

Very special high-precision, low-operating-temperature wire-wound potentiometers 
have been developed for military applications. Some of them have winding cards shaped 
to provide special resistance-rotation characteristics to an accuracy represented by two 
turns of the winding at any point in the range of rotation. Some types have been provided 
with closed windings for continuous rotation; in one such type an input d-c voltage is 
applied through two fixed taps 180 deg apart and the output voltage is obtained from two 
rotating brushes diametrically opposed to each other. If the winding is linear, varying 
the position of the brushes varies the output voltage in accordance with a linear sawtooth 
wave. 

Many of these types have been provided with precious-metal contacts developed spe- 
cifically to obtain low contact resistance with low contact pressure. Contact resistance 
of a few hundredths of an ohm with contact pressures of about 50 to 80 grams has been 
obtained, and a life of the order of a million operations has been realized. One type of 
contact alloy widely used is Paliney No. 7, which consists of platinum, palladium, gold, 
silver, copper, and zinc. 

In another type of low-operating-temperature wire-wound potentiometer, known as a 
multiturn potentiometer, the resistance wire is wound on an insulated metal mandrel 
about 1/g in. in diameter which is then formed into a helix. The diameter and number of 
turns of the helix vary, and potentiometers have been produced commercially with 2, 10, 
15, 25, and 40 turns and with overall diameters of approximately 2, 3, 4, and 6in. The 
contact is arranged to follow the path of the helix. With this type very fine adjustments 
are possible beoause of the comparatively long winding. By maintaining close tolerance 
on the diameter of the mandrel and on the resistivity and diameter of the wire, linearity 
of the order of +0.1 per cent or better can be provided. 

The straight winding type potentiometers heretofore described are not very suitable for 
high-frequency applications. At frequencies above the audio range the straight winding 
controls are affected by distributed capacitance and inductance. For higher-frequency 
applications the characteristics of the individual control should be investigated. 

POWER-TYPE RHEOSTATS. Toroidal Winding Type. This type is the most ex- 
tensively used for applications from 25 to 1000 watts in the communications and electronics 
fields. Adjustable resistors of this type generally consist of a toroidal ceramic form which 
is wound with either round or ribbon-type wire over an are of approximately 300 deg. 
The wound form is then placed in a suitable ceramic, base, and the entire unit, except for 
the contacting surface of the wire, is given a coating of vitreous enamel under high tem- 
perature. This form of construction permits a high wattage rating in a relatively small 
volume of space. 

Rheostats of this type are available in sizes ranging from approximately 1 1/2 in. to 12 
in. in diameter and in rated wattage from 25 to 1000 watts. They are wound to resistance 
values from a fraction of an ohm up to 10,000 ohms. The power rating of rheostats is 
based on temperature rise in free still air. For those rated at 100 watts or less, the tempera- 
ture rise is limited to 300 deg cent; for those rated above 100 watts the permissible tem- 
perature rise is 350 deg cent. 

These rheostats are available with either linear or tapered windings. Specific uses for 
tapered rheostats are: (1) to provide a more uniform degree of control for all positions of 
the contact, (2) to make possible the use of a smaller control, (3) to make it possible to 
wind a higher resistance on a small control for specific applications, (4) to provide a par- 
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ticular controlled effect. An example of this last might be to provide a linear relationship 
between control setting and motor speed in the case of motor speed controls, or to give 
linear control of light output from a lamp. Figure 21 shows how the current varies (in 
three typical rheostats) with per cent rotation of the contact. 

For special applications, controls can be obtained with continuous 360-deg windings, 
built-in toggle switches, or off positions at either end of the rotation. 

Metal Type. Another power type of rheostat utilizes mostly metal in its construction. 
The wire or ribbon is wound on a strip of aluminum with asbestos as insulation between 
the wire and aluminum strip. The winding is formed into a circular shape and is assembled 

in a die-cast aluminum base with mica sepa- 


siete 100 rating the winding from the base. Owing to 
the close proximity of the winding to the 

(Cc) aluminum parts, the heat is carried away 

75 SSH etree Be from the winding more rapidly than in the 


ceramic types. As a result, for the same 
wattage dissipation the temperature rise is 
somewhat lower. 

Standardization requirements and_ per- 
formance capabilities of power-type rheostats 
for use in military applications are con- 
tained in Joint Army-Navy Specification 
JAN-R-22. 

Tubular Slide-wire Type. The tubular 
slide-wire type of rheostat is used extensively 
for general laboratory applications, particu- 

) 20 40 60 80 100 larly for precision measurements. They are 

Per cent rotation of rheostat shaft not generally used in commercial applica- 

Fra. 21. Typical Curves of Current, Voltage, or tions, inasmuch as they require considerably 

Wattage Relative to Shaft Rotation for Uni- more mounting space for equivalent wattage 

formly Deans operon ee ‘iiaaiail ratings and are not as convenient as the 
ar he toroidal type. 

STEP-TYPE POTENTIOMETERS, RESISTANCE BOXES, AND ATTENUATORS. 
Potentiometers. This type consists of a rotary-type switch wired with fixed wire-wound 
resistors between successive contact positions. A brush or blade rotated by a shaft makes 
contact with contact studs or clips to which the fixed resistances are wired. The resistors 
of each step may be all of equal resistance value or they may differ, depending upon the 
nature of the application. The use of finite resistance steps permits a high degree of accu- 
racy, especially in low- and medium-frequency applications. The accuracy at higher 
frequencies is dependent upon the frequency characteristics of the individual resistors and 
the type of switch structure. Likewise, the amount of power that can be dissipated is 
governed by the fixed resistors and the type of switch used. 

Decade Resistance Boxes. Many laboratory measurements and test instruments re- 
quire the adjustment of resistance in a circuit in accurately known steps of pure resistance. 
A decade resistance box consists of a number of individual resistance units equipped with 
switching so that the total resistance is adjustable in decade units. Resistance units are 
connected in series, and as many units can be connected as are required. To keep minimum 
inductance and distributed capacitance, card-wound or spool-type resistor units are used. 
Shielding and careful wiring arrangement also help keep capacitance low between resistor 
units. Where residual inductance of the resistors must be considered, a switching arrange- 
ment introduces a compensating winding as the resistance is adjusted to maintain constant 
inductance. 

Attenuators. Attenuators are used to insert known amounts of transmission loss in 
circuits either for testing purposes or for volume level control. Step-type attenuators 
basically consist of rotary-type switches and fixed resistors, as in step-type potentiometers. 
They are arranged, however, to introduce various types of balanced or unbalanced resistive 
networks into a circuit. They are designed electrically to be inserted between specific 
input and output impedances, and only when so used will they insert the desired loss (see 
Section 5). 

CARBON COMPOSITION TYPE POTENTIOMETERS. Carbon composition poten- 
tiometers are widely used in the communications and electronics fields on account of their 
low cost, the higher resistance values in which they can be obtained, and their excellent 
high-frequency characteristics. The types generally available are physically similar to the 
small single-hole mounting, low-operating-temperature wire-wound controls previously 
described. Two types of composition resistance elements are used, namely, the film-coated 
type and the molded type. In the film-coated type, the carbon, filler, and binder mixture 
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are applied as a film on a ring of insulating material. The film is specially processed so as 
to minimize abrasion of the contact surface of the resistance element. In the molded type 
the carbon composition is molded into a phenolic base. The contact is a carbon brush, 
giving a carbon to carbon contact. 

Linear and non-linear resistance rotation characteristics are obtainable in the composi- 
tion types. The non-linear or tapered characteristic is produced by varying the proportion 
of the conducting material to the insulating material in the mixture as the element pro- 
gresses over its length. It is possible by blending in this manner to obtain a rather smooth 
rate of change of resistance with angular rotation. Typical resistance-rotation character- 
istics of composition-type potentiometers are 
shown in Fig. 22. Curve A represents a clock- 100 
wise linear characteristic except for a small 90 
range at each end of the rotation. Curve B 
illustrates a clockwise taper in which the first 3 ®° 
50 per cent of the rotation introduces only 10 
per cent of the resistance into the circuit, 
whereas the second half of the rotation inserts 

_the remaining 90 per cent of the resistance. 
Curve C represents a clockwise taper in which 
the first 50 per cent of the rotation introduces 
90 per cent of the resistance and the second 
half of the rotation inserts the remaining 10 
per cent of the resistance. Curves D, H, and 
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Film-type composition potentiometers are Per cent clockwise shaft rotation 

available in a variety of sizes ranging from yg 99 Nominal Resistance-rotation Char- 


about /g to 1 1/2 in. in diameter and in watt- acteristics (Courtesy Ohmite Mfg. Co.) 
age ratings from about 0.05 watt to 1 watt. 

The available molded types are about 1 1/g in. in diameter and are rated at about 2 watts. 
Resistance values obtainable range from about 50 ohms to 10 megohms. 

For film and molded composition-type potentiometers, the voltage coefficient and the 
effects of overloading, aging, temperature changes, and exposure to high humidity are 
about of the same order as for film and molded fixed composition resistors. The molded 
are inherently more stable in resistance than the film types. The tabulation below ob- 
tained by tests compares typical film and molded types of 1-megohm resistance with 
respect to their stability of resistance under varying atmospheric conditions. The tabu- 
lation is in terms of average percentage change in resistance from that measured at room 
conditions in successive tests on the same set of samples. 


Per Cent Change in Resistance from Initial Resistance at 20° C under Varying Atmos- 
pheric Conditions 


After 96 Hr 
After After After After at 40°C After 
4 Hr at 4 Hr at 72 Hr at 72 Hr at and 95% 72 hr at 
—18°C — 50°C 50°C 65°C relative 90°C 
humidity 
Kilmity pes tos tets +3.0 +7.0 —7.0 — 10.0 +14.0 —17.5 
Molded type.......... +3.5 +5.5 —4.0 —5.5 +6.5 —5.5 


Owing to their low inductance and capacitance, composition potentiometers are finding 
wide use in high-frequency applications; an example is a common shaft tandem arrange- 
ment of three rheostats, two of which are the series arms and the third the shunt arm of a 
continuously adjustable T type attenuator for level control in television transmission over 
telephone circuits at frequencies up to 4 megacycles. 


7. SPECIAL-PURPOSE RESISTORS 


In addition to the many resistors described so far, numerous special-purpose resistors 
designed for particular applications should at least be mentioned here. In this category 
are resistor standards such as those used in various measuring circuits and bridges which 
are discussed in Electrical Measurements, Section 11 of this handbook. Thermistors and 
varistors are used in an increasing number of applications in communications circuits, and 
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they are fully described in the following articles. Resistors used primarily for heating as 
in furnace elements and heavy-duty power controllers are covered in the Electric Power 
volume of the Hlectrical Engineers’ Handbook. A few other kinds are: 

Resistance Lamps. In this type a special lamp filament having a high positive tempera- 
ture coefficient serves either as a current-limiting, current-regulating, or protective device 
in communication circuits. Those used to maintain constant current, as in the heater 
circuits of vacuum tubes, are referred to as ballast lamps. 

Dummy Antenna Loads. These may be in the form of (a) special space-wound resistance 
elements enclosed in an evacuated glass bulb, (b) a wound mica card mounted between 
metal castings to assist in carrying off the heat, or (c) a water-cooled film-type resistor in 
which water is circulated through or over a ceramic core on which a resistor film has been 
deposited. 

RESISTORS IN PRINTED CIRCUITS. Printed circuit structures are a comparatively 
recent development in which a network of resistors, in combination with capacitors and 
inductors, is applied in the form of bands or ribbon to one or both sides of a supporting 
structure, usually a thin ceramic plate. The necessary capacitors are also mounted on the 
plate, and the plate itself may serve as the dielectric spacer and support for the capacitor. 
Connections to both resistors and capacitors are made by lines of conducting paint. Thus 
a complete coupling or filter circuit or even an entire amplifier circuit having several 
stages of amplification may be assembled on a thin plate of 1 or 2 sq. in. of surface area. 
The network is suitably terminated with wire leads, and the whole structure is given a 
suitable protective covering. The resistors may be of metallic or carbon film or of the 
composition film type. For composition and metal film type resistors produced by chem- 
ical means, the material may be applied in the desired pattern by painting or silk-screen 
process. For resistors applied by the metal-evaporation process, suitable stencils may be 
used to limit deposition to the desired areas. Where a high dielectric body serves both as 
the dielectric for the capacitors in the circuit and as the supporting panel for the resistors, 
note that the increased distributed capacitance brought about in the resistor due to the 
intimate contact with the high dielectric material may have a very marked effect on its 
performance at high frequency. Printed circuits are finding increasing applications in 
devices such as hearing aids, miniature radios, or wherever space is at a premium. Obvious 
advantages are compactness and small size. Disadvantages are difficulties in manufacture 
due to the necessity for processing all elements of the circuit at one time, which makes 
close tolerance adjustment of individual elements impracticable and lessens the likelihood 
of attaining the desired characteristics in all components. Also, in service, it is usually 
necessary to replace the entire unit when a single element becomes defective. 
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VARISTORS AND THERMISTORS 


By N. Y. Priessman 


GENERAL. The term varistor, from the words variable and resistor, is applied to a 
group of circuit elements broadly classified as non-ohmie resistances. The application 
of the term varistor is restricted to devices in which the property of variable resistance 
is provided by solid semiconductor materials. The semiconductors that have proved use- 
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ful as stable circuit elements are those in which the current carriers are electrons as dis- 
tinguished from those in which ions are transferred through the solid. 

These non-ohmic resistors may be divided into two broad classes, depending upon 
whether the resistance change is an electric field effect (varistors) or a temperature effect 
(thermistors). The field-effect varistors may further be divided into rectifier varistors 
and symmetrical varistors. Rectifiers, such as copper oxide, selenium, silicon, and ger- 
manium, exhibit quite different values of resistance depending on the polarity of the 
applied voltage. Symmetrical varistors such as Thyrite, Metrosil, Atmite, and silicon 
carbide show no rectifying properties. Thermistors (see article 10) change resistance 
markedly with changes of temperature but do not, independently of temperature change, 
possess a non-linear resistance characteristic. 


8. COPPER-CUPROUS OXIDE VARISTOR 


The copper-cuprous oxide varistor consists essentially of a piece of sheet copper about 
0.050 in. thick in the form of a disk, washer, or plate which has been oxidized so as to form 
on its surface a layer of red cuprous oxide. A thin layer of conducting material is applied 
to the exposed surface of this oxide to provide a contact, known as the outer contact. The 
| mother copper provides the other electrode. Figure 1 shows an enlarged and out-of-scale 
| cross-section of such a varistor cell. 

The manufacturing techniques, although differing in detail with various manufacturers, 
depending on the particular qualities in the product they are interested in, have in common 
the following: the desired form of cell is blanked 
from sheet copper (usually the grade known 
as Chile copper), chemically cleaned, oxi- 0.0025’.0.0040! 
| dized in air atmosphere at a temperature in Junction layer 
the neighborhood of 1000 deg cent for some |.—— Mother copper 
10 to 20 minutes to form a layer of cuprous 
oxide 0.003 to 0.004 in. thick, held for some Fra. 1. Copper Oxide Varistor Cell 
| minutes at a temperature of about 550 deg 
cent, and then quenched in water. At this stage the cuprous oxide (red) is covered with 
a thin layer of cupric oxide (black) which must be removed by chemical action. The 
means of providing an outer contact vary with the manufacturer. The following means 
are in common use: (a) painted-on contacts of ‘‘aqua-dag’”’ (colloidal graphite), (b) elec- 
troplated contacts, and (c) contacts of gold or silver produced by the well-known tech- 
niques of evaporation in vacuum. 

The electrical properties of the varistor may be altered significantly by suitable varia- 
tions in the fabricating processes, as for example by the addition of metallic impurities to 
the copper (such as thallium); by changes in time, temperature, and atmosphere of the 
heat treatments; or by changes in rate of cooling and quench temperature, etc. 
| The current-voltage characteristics of a varistor cell commonly used in communication 
| circuits is shown in Fig. 2 in the ‘‘Chile copper” curves. The ‘forward characteristic’’ 

exhibited by the cell with the mother copper negative and the outer contact positive is 
the flatter branch of the two curves. The “‘reverse characteristic’? which obtains when the 
copper is positive and the outer contact 
negative is shown by the steeper branch. 
Considering in detail the forward charac- 
teristic curve the varistor behaves very 
much like an ohmic resistor at voltages 
below 0.05. As the voltage increases 
above this the current increases rapidly; 
that is, the resistance decreases. The seat 
of this potential dependent resistance as 
well as of the rectifying property is in the 
interface between the cuprous oxide and 
the. copper. This interface is variously 
called blocking layer, junction layer, bar- 
rier layer, etc. As the voltage increases 
above 0.5 volt the current increases less 
_ rapidly and the resistance approaches a limiting constant series resistance, which is 
| mainly the body resistance of the oxide layer itself. The series resistance of the outer 
contact is small compared with the body resistance of the cuprous oxide layer and is 
| non-rectifying. The thallium-copper cell behaves similarly but with reduced currents 
in both directions. 
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Fie. 2. 1/9’ Diameter Copper Oxide Varistor Cell 
Representative Voltage-current Characteristics 
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35 The forward current at a voltage is 
proportional to the area of the cell or, 

+30 more accurately, to the area of the 
ene outer contact. The reverse current is 
3 not simply related to the geometry of 
5209 the cell. The characteristics of cells 
a in series may be obtained by sliding 
S15 the characteristic curves parallel to 
2 themselves along the voltage axis, and 
$10 the characteristics of cells in parallel 
« by sliding the curves along the current 
> axis. In practice large areas may be 


obtained most economically by large- 
0.01 0.050.1 0.5 1. 510 50100 5001000 area plates. 
Time of application In seconds Large deviations from the typical 


Fira. 3. Relation of Safe Reverse Voltage to Time of characteristic curves shown are inherent 


Application for Typical Copper Oxide Cells at Ambient ; . “uficberediarods 
Temperatures below 100° F and for Applications in the ee a u 2 ie 
Spaced at Least 1 Minute Apart uct even when produced under é 


best controlled conditions of present 
practice. Moreover these characteristics change with time and use. While the forward 
resistance increases with time and temperature, the reverse resistance decreases with 
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Fie. 4. Representative D-c Characteristic of 3/1g-in.-diam. Copper Oxide Varistor Cell (Chile Copper) 


continued application of reverse voltage. In general this should not exceed 4 volts (see 
Fig. 3). These effects again vary from batch to batch. 

Large negative temperature coefficients 
of resistance both in the forward and 
reverse direction are characteristic of these 
devices. No simple law such as holds for 
metallic conductors is applicable, and 
the variation of resistance with tempera- 
ture may best be displayed graphically as in 
Fig. 4. 

The effect of exposure to moisture is to 
reduce the reverse resistance of all types 
of cells. This is especially troublesome in 
the small-diameter, very-high-reverse-re- 
sistance cells. The forward resistance of 
cells with aqua-dag contacts is increased 
by exposure to moisture. It is customary 
in the use of varistors as circuit elements 
to provide substantial moisture-proofing 
in the form of organic coatings, potting in 
wax, etc. 

Structures. The 3/4-in.-diameter and 
larger cells are usually made in the form 
of a washer and clamped together with J Vélts 0.25 0.25 


wiring terminals on an insulated bolt. pyg, 5, Voltage Limiter, Two 1/2-in.-diam. Cop- 
The 1!/2-in.-diameter and smaller cells are per Oxide Varistor Cells (Copper plus Thallium) 


Resistance in ohms 


+ Volts 
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usually assembled with wiring terminals and pressure spring in cylindrical cavities in 
insulating blocks. 

Ratings. When copper oxide varistors are used as current-supply rectifiers their ratings 
are based on four factors on which definite specifications should be made, with allowance 
for aging. These factors are (1) the d-c voltage and current output, (2) the a-c voltage 
input, (3) the ambient temperature, and (4) the means for cooling the varistor cells. 

APPLICATIONS. Voltage Limiter. It may be seen from Fig. 2 that as the voltage in 
the forward direction increases from 0.1 to 1.0 volt the current increases more than 1000 
fold. A varistor may be connected across 
the input terminals of a network to act as 
a bypass when applied voltages are sub- 
stantially above the normal level. Figure 
5 shows the resistance-voltage characteristic 
of such a varistor in which two !/9-in.-diam- 
eter cells of thallium copper (see Fig. 2) are 
connected in parallel opposing so that the 
combination has a symmetrical resistance- : 
voltage curve. The resistance is greater ae 
‘than 10,000 ohms for voltages up to 0.1 volt EEE SLEL B Oa ake AES 
and drops to about 5.0 ohms at 1.0 volt. As the voltage increases above 1.0 volt the resist- 
ance decreases but little; it is being limited by the body resistance of the copper oxide layer. 

Modulator. Copper oxide varistors are extensively used both as modulators and de- 
modulators in carrier telephone systems. A bridge-connected modulator is shown in 
Fig. 6. The carrier voltage e¢ is made large compared with the signal voltage e,. When 
the carrier voltage is of such polarity as to bias the varistors in the forward direction they 
will all be low in resistance, offering substantially a short circuit to the signal current. 
When the carrier voltage reverses the varistors all have a high reverse resistance and the 
signal current appears in R2. It is desirable to prevent unmodulated carrier current from 
appearing in Ro, and this is done by selecting the four varistors in the arms of the bridge 
to have voltage-current characteristics very closely alike 
so that the bridge is balanced throughout the cycle of carrier 
voltage. (A complete discussion of the varistor modulator 
is given by Caruthers, Bell System Technical Journal, Vol. 
18, 315 [1939].) 

Control of Telephone Relays. Various configurations of 
relay windings and varistors may be used to modify the 
response characteristics of relays. Several such arrange- 
ments are shown in Fig. 7: (a) delayed release with prac- 
tically no effect on operate time; (b) delayed operate with 
practically no effect on release time. Steady operation of 
= (0) relays from an a-c source is obviously possible using the 

varistor as a rectifier. In the simple arrangement shown in 
Fig. 7(c), the reverse half-cycle is bypassed through the 
varistor which also affords a path for the slow decay of 
current established in the winding during the previous posi- 


©) = tive half-cycle. 
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Varistors are used in a circuit network known as a 

(c) “compandor’’—a contraction of the words ‘‘compressor’”’ 

Fia. 7 and ‘‘expandor.’’ A compressor is a non-linear transmission 

network in which the range of signal power output is com- 

pressed relative to the range of power input. An expandor is a network which provides 

the inverse action. Detailed discussion of such circuits, also called ‘‘vario-lossers,’’ may 
be found in Bennett and Doba, Trans. A.I.H.E., Vol. 60, 17 (1941). 
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9. SILICON CARBIDE VARISTORS 


It has long been known that silicon carbide will, under suitable conditions of contact, 
exhibit a non-linear relationship between current and voltage. This may readily be 
demonstrated by measuring the voltage-current characteristic of a mass of small particles 
of silicon carbide compressed between metallic electrodes. As the voltage is increased 
from zero the current increases, at low voltage in direct proportion to the voltage and then 
much more rapidly. If the number of particles in the mass is large and the distance be- 
tween electrodes large compared with the dimensions of the particles the non-linear resist- 
ance of the device is independent of polarity. 

Experiments upon single particles with suitably made contacts indicate that the body 
resistance of the particle is small, ohmic, and independent of polarity. 

The non-linear conduction exhibited by the mass of particles results from the voltage- 
dependent resistances at the point-to-point contacts between the granules of silicon carbide. 
The overall resistance characteristic may be thought of as due to large numbers of non- 
linear resistance contacts arranged at random in series and parallel. In a statistical sense 
the aggregate displays no dependence upon the direction of current flow. This varistor 
is an example of a ‘“‘symmetrical non-linear resistor.” 

The simple device of containing a mass of silicon carbide particles under pressure be- 
tween electrodes does not have the stability of characteristic under use conditions to afford 
wholly reliable circuit elements. 

In 1930, McEachron (see Journal A.I.E.E., Vol. 49, 410 [1930]) described a silicon 
carbide ceramic non-linear resistor to which the name Thyrite was given. 'The material 
consists of silicon carbide particles bonded in a ceramic matrix. Similar materials are 
known under various names such as Metrosil and Atmite. 

The essential steps of manufacture are these: suitable silicon carbide particles, clay and 
water, sometimes with a minor constituent such as carbon, are mixed to form a plastic 
mass. The mass is partially dried and forced through screens to obtain a slightly damp 
granular powder. This material is compressed under high pressure into desired shapes, 
generally flat disks or rods. These pieces are further dried and heat treated in a reducing 
atmosphere at a temperature in the neighborhood of 1200 deg cent. The fired pieces are 
hard and strong and have mechanical properties quite similar to those of dry process 
porcelain. Electrodes on the opposite plane faces are provided by spraying or Schooping 
a layer of metal such as brass, copper, aluminum, or tin. The piece is then usually im- 
pregnated with a moisture-repellent organic substance to prevent pickup of water, which 
adversely affects their electrical stability. 

The electrical properties of the product are profoundly affected by the parameters of 
process: materials, particle size, moisture content, forming pressure, and especially tem- 
perature, time, and atmosphere of the heat treatments. The products of different manu- 


1000 facturers differ somewhat in electrical 
Continuous _| ntermitten properties, most importantly in the de- 
SPLEEN Reale ie |eee= gree of non-linearity, and the character- 
reales sat. istics of Fig. 8 are to be taken only as 
100 See li generally indicative. The current-volt- 
oe = age characteristic shown is closely rep- 
baescar resented by the equation 

$10 Le I = CE + CE" 
Tra TT where J = current through the piece, 
EH = voltage applied to the piece, C; and 
1 | C2 are constants depending on the mate- 
| rial and geometry of the piece, and n is 
an exponent the value of which depends 
on various factors in the manufacturing 
AS ae fee 162 cr 10° Process and generally lies between 3.5 


and 5.0. Some manufacturers indicate 
Fig. 8. Representative D-c Characteristics of Some values OF MY ae beh as, 7.0 but, only, for 
3/4-in.-diam. Silicon Carbide Varistor Disks pieces having resistances much above 

the range indicated in Fig. 8. 

The variation of characteristic through control of manufacturing processes and geometry 
of the piece permits coverage of an enormous range of current and voltage. This range 
may be further extended by connection of pieces in series or parallel. It is to be noted 
from Fig. 8 that as the resistance of the piece decreases the value of n decreases also, and 
this being typical of all manufacturers’ products may be considered an inherent charac- 


Amperes 


SILICON CARBIDE VARISTORS 3-27 


teristic of the presently made material. In consequence it is not possible with this device 
to obtain marked non-linearity at low voltage. 

In common with semiconductors the silicon carbide varistor exhibits a negative tem- 
perature coefficient of resistance. The coefficient does not have a single value but varies 
both with the material and with voltage and temperature. The values of the coefficient 
at constant voltage cover a spread of from 0.3 per cent to 0.9 per cent per degree centigrade 
in the normally used range of temperature. The higher values of temperature coefficient 
are observed at the lower voltages. 

At high frequencies consideration should be given to the presence of a capacitance 
effectively in parallel with the non-ohmic resistance. The exact value of this capacitance 
is determinable only by measurement, but the order of magnitude may be calculated by 
assuming the material to have a dielectric constant of 30 to 200. 

Commonly used shapes are rods and disks. Small disks and rods may be furnished with 
leads soldered to the metallic electrodes on the faces of the piece. Disks are also made 
with holes in the center and clamped together with wiring terminals by means of a central 
bolt. Disks and rods of all sizes are used with spring clip mountings which furnish mechan- 
ical support and electrical connections. 

When used under high humidity conditions, or at low currents, the organic impregnant, 


‘referred to in the description of the fabricating process, may not be sufficient protection 


against moisture and further precautions may be necessary. 
Approximate values of mechanical and thermal properties of importance in circuit 
element design are as follows: 


Bulkidensityic sie co: evict ee te tee 2.35 grams per cu cm 

Compression strength............ 15,000 to 23,000 lb per sq in 

Specific heat............ seefeuctoxe 0.17 to 0.21 cal per gram per deg cent 
Thermal conductivity............ 0.0034 cal per cm per sec per deg cent 


Requirements on the current-voltage characteristic for a particular application may be 
stated in a number of ways; the following are commonly used. 

(a) The voltage #, at a current J; shall be greater than some value, and the voltage E2 
at a current Jy, where J2 is greater than J, shall be less than some value. This statement 
of requirements contains implicitly a requirement as to the minimum value of n. 

(b) The voltage at a given current J shall be equal to a value # + X per cent, and the 
value of 7 shall lie within certain limits throughout a range of current. 

It is to be noted that considerable differences in characteristic may exist between pieces 
meeting a set of such requirements. In commercial manufacture the range of voltage at a 
given current commonly runs +20% about the average. Accuracy of meters used in 
checking requirements is im- Milfiwatts 
portant since errors in volt- 10 12.5 50 100 500 1000 
age readings are to be multi- 1000 
plied by nm in determining 
their effect on current read- 
ings. 

Self-heating resulting from 
power dissipation in the var- 
istor lowers its resistance 
(negative temperature coef- 
ficient of resistance), but this 
effect is in general reversible; 
that is, no permanent effects 
on the characteristic are pro- 
duced by moderate heating, Ma Rove Hod! 
say from 100 to 150 deg cent. varister 
The safe upper limit of heat- 
ing is oftentimes determined 
by the moisture-resistant or- 
ganic compound used as an 0.01 0.05 0.1 0.5 1. SIO NNNGONS0NN100 
impregnant. As shown in Mitiiaminetes 
B 8. 8, 1.0 watt for a disk of Fie. 9. Surge Voltage Protection by Use of Silicon Carbide Varistor 
3/4-in. diameter suspended in 
free air at 50 deg cent is a limit recommended by one manufacturer. Very heavy transient 
currents may alter permanently the characteristic, usually in the direction of decreasing 
the resistance. 

» APPLICATIONS. (1) A silicon carbide varistor connected across the terminals of an 
electromagnetic winding acts to limit the surge voltage generated when the field is opened. 


Volts 
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As shown in Fig. 9 the maximum value of voltage across the varistor may be determined 
from the point on the voltage-current characteristic corresponding to the steady-state 
value of current Ip in the winding. As compared with an ordinary resistance shunt across 
the winding to secure the same voltage-limiting effect, the varistor dissipates much less 
power when the coil is steadily energized. 

(2) In certain carrier telephone system filters exposed to high incoming voltage, the 
condenser of a high-Q combination of coil and condenser has been protected by a varistor 
in shunt. 

(3) Some of the smaller telephone switchboards have line lamps connected directly in 
the subscriber’s loop for signaling. These line lamps are exposed to electrical disturbances 
that may be impressed on the outside lines, and if the disturbances are severe enough the 
lamps may be burned out. Silicon carbide varistors have been used very effectively in 
parallel with the lamp to bypass large incoming surges. The high resistance of the varistor 
at the normal signaling level has no appreciable effect on the lamp illumination. 

(4) Use is made of varistors to protect contacts controlling inductive circuits from the 
deleterious effect of sparks resulting from the opening of such circuits. Usually the varistor 
is connected across the winding rather than across the contact to avoid continuous current 
drain. Though such an arrangement is useful it is not a satisfactory general solution of the 
problem. The varistor increases the release time of the relay or switch magnet, though 
not to the extent that an ohmic resistance of equivalent spark quenching action would do, 
and it does not entirely eliminate high-frequency oscillations across the opening contact 
due to the associated wiring. 
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10. THERMISTORS 


Thermistors or thermally sensitive resistances are devices made of solid semiconductors 
the electrical resistance of which varies markedly with temperature. This phenomenon 
has long been known, Faraday having observed that the resistance of silver sulfide de- 
creased rapidly as the temperature increased. Since that time it has been determined that 
a great number of materials classed electrically as semiconductors exhibit high negative 
temperature coefficients of resistance. Semiconductors have specific resistances at room 
temperature much greater than those of metallic conductors and much less than those of 
insulators. This very wide intermediate range of resistivities is not bounded precisely 
but may extend from 0.1 ohm cm to 10° ohm cm. Materials commercially employed in 
thermistor circuit elements have a much narrower range of resistivity, roughly from 
10 ohm ems to 100,000 ohm em. 

The materials of thermistor construction include a wide variety of metallic oxides. In 
common use are the oxides of uranium and various mixtures of the oxides of magnesium, 
manganese, titanium, iron, nickel, cobalt, zinc, etc. The common method of fabricating 
is to heat the oxides in the form of compressed powders to a temperature at which they will 
sinter. At the sintering temperature the powders recrystallize to form a dense, hard, 
ceramic-like solid of homogeneous composition. The sintered-powder process permits the 
mixing of various oxides in suitable proportions to produce a wide range of electrical and 
thermal characteristics and permits as well the fabrication of a great variety of shapes and 
sizes of the completed piece. 

Forms. Three forms of thermistors are common—disks, rods, and beads. A thin plate 
or flake form has also been described and is in limited use (see Becker et al., Bell Sys. Tech. 
Jour., January 1947). Disks range in diameter from 0.125 to 2.0 in. and in thickness from 
0.030 to 0.250 in. Rods are made in diameter from 0.030 to 0.250 in. and in length from 
0.050 to 2.5 in. Bead diameters range from 0.006 to 0.060 in. 

Properties. The relations between specific resistance and temperature of several 
thermistor materials are shown in Fig. 10 and for comparison the resistance-temperature 
relation of platinum. In Fig. 11 the log of the specific resistance is plotted against the 
reciprocal of the absolute temperature. It is seen that the curves are very nearly straight 
lines, and so to a close approximation 
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1 
log p = const. + B- p OF P= const. e8/T 
from which 
p = prcb/T—8/T0) 
where 7 = temperature in degrees Kelvin, p = po when T = 7%, 8 is numerically propor- 


tional to the slope and is of the dimensions degrees Kelvin. From the definition of tem- 
perature coefficient a = (1/R)(dR/dT) it is 
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THERMISTOR APPLICATIONS. Direct utilization of the resistance-temperature 
relation is a broad field of use including resistance thermometry, compensation for the 
positive temperature coefficient of other resistive circuit elements, temperature control, 
and the like. In all these applications the self-heating effect of any current in the thermis- 
tor is kept small so that the resistance is fully controlled by the ambient temperature. 

The equation previously given for the relation between resistance and temperature may 


for purposes of general calculation be 
considered independent of temperature. Table 9. Temperature-resistance Characteris- 


Table 9 shows temperature-resistance tic of a Typical Thermistor Thermometer 
characteristics of a typical thermistor 
thermometer. With an ordinary Wheat- Temperature Coefficients 
stone bridge and galvanometer and a |Temperature,| Resistance, |——_—______ 
suitably calibrated thermistor thermom- deg cent ohms B, @, per cent 
eter a precision of 0.001 cent deg is deg cent pacer cent 
readily obtainable. NR 580,000 3,780 aaa 
The use of thermistors in conjunction 0 145,000 3,850 aio) 
with relays, valves, etc., for temperature 25 46,000 3,920 —4.4 
control is closely akin to their use in 50 16, 400 3,980 310 
thermometry. The larger currents re- 75 6, 700 4,050 Shoe 
quired for relay operation necessitate ve 3, am i nee a, 
design consideration of the self-heating 200 305 4410 a 20 


effects in the thermistor. i a ania Weel tt Er oka 
Thermistors are used to compensate Dissipation constant in still air, approximately 4 
for changes in resistance of electrical milliwatts per degree centigrade; thermal time constant 


2 3 5 in still air, approximately 70 sec; dimensions of thermis- 
eee its caused by te mbient temperature tor, Se es ota tely 0.11 in., length approxi- 
variations. Shunting the thermistor by mately 0.54 in. 

a parallel resistance sometimes improves 

the accuracy of the compensation. Consideration should be given to like temperature 
exposure of the thermistor and the compensated circuit element, and also to the effects 
on both of power dissipation. 

.. Small thermistors have been used extensively to measure power in very high-frequency 
test sets. Suitably mounted in a properly terminated waveguide a thermistor bead absorbs 
effectively the entering power, and the consequent heating of the bead produces a change 
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in resistance which may readily be measured with high accuracy. Calibrating may be 
done with d-c or low-frequency power. 

The self-heating effect of current through a thermistor, primarily the bead type, results 
in interesting and useful non-linear 
relationships between current and 
voltage. Figure 12 shows a ‘“‘steady- 
state’ characteristic of a particular 
form of bead thermistor. At small 
currents the power dissipated is too 
small to heat the thermistor appre- 
ciably, and the resistance remains 
constant. With increasing current the 
effects of self-heating become evident; 
the temperature of the thermistor rises 
and the resistance decreases. As the 
current continues to increase, the slope 
of the curve changes from positive to 
negative and in this latter region the 
thermistor exhibits a negative value of 
Fi dv/dI, that is, a negative resistance. 

Milliamperes The numbers along the curve give the 

Fia. 12 rise in temperature in degrees centi- 

grade above the ambient. The change 

in resistance of the thermistor does not occur instantaneously with current change because 
of its thermal mass. 

The heating and consequent reduction of resistance by the continued passage of current 
is used to obtain delayed response circuits as well as non-response to short-duration surges 
by connection of the thermistor in series with a 
relay. 

Figure 13 shows a combination of thermistor 
and resistances to obtain either a speech volume 
limiter or a volume compressor. The speed of 
Limiter orcompressor response of the thermistor is adjusted to syllabic 

ol 4 frequency or slower to eliminate the wave-form 
distortion and peak chopping common to quick- 
acting non-linear devices. 


ed 
| ead, 


Fia. 14 


Load 


Directly heated 
thermistor 


Figure 14 shows a thermistor in the negative 
feedback circuit of an amplifier to obtain con- 


(0) 4 8 12 16 20 stant level output independent of variations of 
Current in milliamperes signal input. This use is of great importance in 
Fig. 13 telephone carrier systems to correct for variations 


Curve 1, thermistor characteristic 12 Overall line loss. The simple bead structure 
Curves 2 and 4, ohmic resistor char- previously described is not adequate for this pur- 
acteristics - pose since its resistance and hence the amount of 
Curves 3 and 5, combined charac- f - % 
Letietion feedback would be subject to change with changes 
in ambient temperature. Temperature compen- 
sation is cconomically obtained by associating a heater winding with the bead and regulat- 


ing the input current to the heater to produce a constant temperature surrounding the bead. 


BIBLIOGRAPHY 


i Heorrer: G. L., Thermistors: Their Characteristics and Uses, Bell. Labs. Rec., November 1940, 


p. 85. 

2. Sillars, R. W., Materials and Devices of Falling Resistance-Temperature Characteristics, J. Sci. 
Inst., Vol. 19, No. 6, 81 (June 1942). 

3. Gray, T. S., and Van Dilla, M., Thermistors, Their Characteristics, Uses and Associated Circuits, 
Office of Publication Board Report PB-3407, 1945, Dept. of Commerce, Washington 25, D. C 


PROPERTIES OF AIR-CORE INDUCTORS 3-31 


4. Gray, T. §., and Van Dilla, M., A Thermistor Electronic Thermoregulator, Office of Publicati 
Board Report BP-3402 1945, Dept. of Commerce, Washington 25, D. C. : ie 
5. Gaffney, F. J., Microwave Measurements and Test Equipments, Proc. I.R.E., Vol. 34, 775-793 
(October 1946). : 
6. Becker, J. A., Green, C. B., and Pearson, G. L., Properties and Uses of Thermistors—Thermally 
Sensitive Resistors, Electrical Engineering, Vol. 65, November 1946, and Bell Sys. Tech. J., Vol. 
26, No. 1, 170-212 (January 1947). 
. Pearson, G. L., The Physics of Electronic Semi-conductors, Trans. A.I.E.E., Vol. 66, 209 (1947). 
. Roloff, C. C., Thermo-variable Resistors, Elec. Rev. Lond., Vol. 140, 315 (February 1947). 
. Verwey, Haayman, and Romeyn, Semi-conductors with Large Negative Temperature Coefficient 
of Resistance, Phillips Tech. Rev., Vol. 9, No. 8, 239 (1947). 
10. Montgomery, C. G., Technique of Microwave Measurements, M.I.T. Rad. Lab. Series. (Use of 
thermistors, Chapter 3.) ‘ 


11. Deeter, E. L., Null Temperature Bridge, Electronics, Vol. 21, No. 5, 180 (May 1948). 


oon 


INDUCTORS WITH AIR CORES 


By L. M. Hershey 


Of the many different types of air-core inductors in communications equipment today, 
the solenoid and the universal winding are most widely used. Torroidal windings, and 
patie types such as the bank winding, spiral winding, and basket weave, are sometimes 
found. 

The single-layer solenoid is used in untuned or tuned circuits, for resonant circuits, 
chokes, and in various other applications where a high Q, low distributed capacitance, 
mechanical strength, or ease of construction is of importance. More space is required to 
accommodate a single-layer solenoid than a universal winding of any type, for a given 
inductance; at frequencies below about 1 or 2 mc, space considerations frequently prevent 
the use of the single-layer solenoid. 

The universal winding is popular in applications similar to those listed above for the 
single-layer solenoid but generally at frequencies below about 2 mc. It produces a coil 
having fairly high Q with low distributed capacitance, and mechanical strength. The 
distributed capacitance of a universal winding can be decreased by winding it on a narrower 
cam or by building it in a number of sections, each of which is a universal winding, with 
these sections connected in series. This multisection universal winding also can be ad- 
justed to close inductance tolerance requirements by moving one of the end sections (some- 
times called a ‘‘pi’’) nearer to, or away from, the adjacent section. 

Many special types of windings are in use as tuned loops in the broadcast band (540 to 
1600 ke). Among these types are the multilayer solenoid, basket weave, single-layer 
solenoid, and spiral winding. 

Air-core inductors are used at frequencies up to about 200 me, or up to a frequency 
where a transmission line becomes more convenient. The transition region between coils 
and transmission lines appears to be extremely broad. 

The choice of the type of inductor is generally dictated by such practical considerations 
as available space or cost as well as by circuit considerations. Untuned primary coils 
and chokes of less than about 10 to 20 wh are usually solenoid windings. When greater 
inductance is required, the universal winding is used. 


11. PROPERTIES OF AIR-CORE INDUCTORS 


FIGURE OF MERIT. The figure of merit of an inductor is the ratio of its effective 
reactance to its effective resistance. This factor is called the Q of the inductor. 

POWER FACTOR. The reciprocal of the Q of the inductor is equal to the power factor 
of the circuit within very close limits for values of Q above about 20. The power factor 
is more convenient than the Q to use in the calculation of certain circuit phenomena. For 
instance, the power factor of a circuit formed by an inductor shunted by a capacitor is 
the sum of the power factors of the two branches of the circuit, while the Q of the circuit 
is the reciprocal of the sum of the reciprocals of the Q’s of each branch. 

Like resistance and conductance, both the power factor and the Q are useful concepts, 
and the choice depends upon their application to the particular problem. 

TIME CONSTANT. The time constant of an inductor in series with a resistor (the 
resistor may represent the internal resistance of the inductor) is L/R; it is the time in 
seconds required for the current, through an inductor of LZ henries in series with a resistor 
of R ohms, to reach 0.632 of its final value if a voltage is applied suddenly, or for the current 
through the series circuit to fall to 0.368 of its initial value if the inductor and resistor are 
short-circuited suddenly. 
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COIL LOSSES. The principal losses in an air-core inductor are those due to PR loss 
in the conductor and the dielectric losses in the coil form, wire insulation, impregnating 
material, ete. Eddy-current losses also occur in the conductor. At very high frequencies 
the losses due to radiated power may be appreciable. Additional losses occur outside the 
coil itself whenever any magnetic, dielectric, or conducting material is within the field of 
the coil. 

The attainment of a maximum Q in a given space is one of the most common problems. 
At the lowest frequencies, the problem is to obtain the lowest d-c resistance for a given 
inductance. As the frequency becomes higher, skin effect (the tendency of an alternating 
current to flow along the outside surface of a conductor) becomes apparent, and is measur- 
able even at power-line frequencies. Dielectric losses also begin to be noticeable at very 
low frequencies. Throughout the radio-frequency spectrum these two causes of power loss 
are of extreme importance. For example, a well-designed coil operating at 1 me might 
have a d-c resistance of less than 5 ohms and an apparent resistance greater than 10 ohms. 

Coil losses may be minimized, and high values of Q realized, by careful choice of the type 
of wire (to increase the surface area of the conductor through which the r-f currents flow), 
by obtaining the optimum spacing between conductors, and by choosing the proper shape 
of the winding for the available space. 

It is sometimes desirable to design a coil with a certain value of Q so that, for instance, a 
required band width can be produced without the use of an external damping resistance. 
Then the designer may reverse his usual thought processes and use a “‘poor’’ shape factor 
for his coil, a conductor either larger or smaller than the optimum value for maximum Q, 
or use a value other than optimum for the spacing between conductors. Frequently, the 
diameter of the coil form can be reduced until a desired low value of Q is realized. 

DISTRIBUTED CAPACITANCE. Each turn of an inductor is coupled magnetically 
to other turns of the same inductor. A certain small amount of capacitance between the 
turns of a winding is unavoidably produced by their proximity. The effect of all these 
small series capacitances across the whole inductor at its working frequency is called the 
distributed capacitance of the coil. The values of the distributed capacitances of various 
common types of air-core inductors range from a small fraction of a micro-microfarad up 
to 10 or more puf. In general, a coil having a large ratio of length to diameter has a low 
distributed capacitance, and it is obvious that finer wire and greater spacing between turns 
will result in lower distributed capacitance. 

Dielectric losses generally are decreased by a reduction in distributed capacitance. 
However, the changes necessary to reduce the dielectric losses and distributed capacitance 
(reducing the wire size, increasing the spacing between turns) finally begin to increase the 
copper losses in the conductor faster than the dielectric losses are decreased. An optimum 
design is a compromise between all these factors, and in a resonant circuit the distributed 
capacitance is frequently of lesser importance than the Q of the inductor; therefore, the 
capacitance is disregarded, while efforts are directed toward the attainment of minimum 
total losses. In r-f choke coil design, a minimum value of distributed capacitance is usually 
desired, while a Q higher than 5 or 10 produces a negligible effect. Therefore, choke coils 
are frequently wound with a minimum wire size, on long slender forms, and with relatively 
large spacing between turns. 


12. ELECTRICAL DESIGN CONSIDERATIONS 


TYPES OF CONDUCTORS. Copper wire is most commonly used in inductors. Copper 
tubing, or strips, are sometimes resorted to at frequencies above about 50 me. Litz wire, 
composed of a number of strands of fine enameled wire (from about No. 38 to No. 44), 
produces lower r-f resistance than a single wire of the same area of cross-section. It is 
most effective in the lower-frequency part of the radio spectrum, below about 2 me. 
Above this frequency the r-f currents appear to flow along the outside of the group of 
conductors and the effectiveness of litz wire is not so apparent. 

Bare copper wire is rarely used for inductors. Tinned wire is found occasionally on 
space-wound solenoids; silver plating is also used occasionally on the heavier conductors 
normal for this type of coil. Silver plating offers the advantages of high conductivity on 
the surface of the conductor where higher-frequency currents flow,’soldering to the con- 
ductor is made easy, and an attractive and fairly durable finish is produced. 

TYPES OF WIRE INSULATION. Silk and cotton have been the most common mate- 
rials for wire insulation on air-core inductors. Coil wire is made with a spiral wrapping, 
adding about 0.002 in. to the diameter of the wire for silk or about 0.004 in. for cotton. 
This is called a ‘‘serving”’ of silk or cotton. A double serving may be used, with the second 
serving spiraling in a direction opposite to that of the first serving. This is known as.double- 
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silk or double-cotton insulation; it is usually designated D.S. or D.C. For instance, a 
No. 38 bare wire with double silk insulation could be described as 38 D.S. Celanese and 
nylon are rapidly replacing silk and cotton as insulation for coil wire. Braided fabric 
insulation is also used to some extent. 

An enamel coating is used, either alone on wire for solenoids, or with one or more servings 
of silk or one of the other serving materials over it. The enamel adds about 0.001 in. to 
the wire diameter. Plastic coatings can be added to conductors, and almost any required 
outside diameter can be produced in this manner. 

Litz wire, as it is made in this country, consists of three or more strands of enameled wire 
with one or more servings of silk, cotton, celanese, or nylon, around the group of wires. 
The strands are either twisted in a regular fashion as they are wrapped or simply placed 
side by side parallel to each other. The twisted method produces a slightly higher Q under 
some conditions. 

BEST COIL SHAPE. Formulas are available which express the best shape factor and 
winding pitch of a single-layer solenoid under idealized conditions. In a practical design 
problem these formulas serve as a valuable guide. 

It has been shown that with a given length of wire, wound with a given pitch, the single- 
layer coil which has the maximum inductance value is so shaped that the ratio 
Diameter -- Width of winding = 2.46, approximately. 

Brooks has determined that there is a most efficient multilayer coil form to produce 
the maximum inductance with a given length of conductor. This most efficient inductor 
was produced as a compact multilayer cylindrical coil with a mean diameter 2.95 times 
the side of the square cross-section. Other proportions varying somewhat from the op- 
timum affect the inductance only slightly. It has been determined that, when the ratio 
of mean diameter to side of square cross-section is 2.80, the resulting inductance is only 
0.04 per cent less than the maximum value. It is generally convenient and within limits 
of accuracy to consider the optimum form as having the dimensions: diameter equal to 
3 times width, and width equal height of winding. 

Precision design can be effected only when the inductor is solely for low frequencies. 
I'he problem then of constructing an inductor of definite inductance for radio frequencies 
resolves mainly into the problem of minimizing the resistance and distributed capacitance. 
A coil is designed for a certain range of frequencies, and generally an attempt is made to 
construct a coil with a uniformly high value of Q in this range. In consideration of these 
and other requirements, a coil design will generally depart from the optimum proportions 
indicated above. 

It will be found that a practical coil is, in general, somewhat elongated in the direction 
in which distributed capacitance will be minimized. For instance, a practical solenoid 
is usually longer in proportion than is indicated by the formula above; a diameter-to- 
length ratio of slightly over unity is common. The universal winding is frequently elon- 
gated in the radial direction. A diameter-to-length ratio of about 0.7 was found to produce 
the maximum Q over the broadcast band for a progressive universal winding on a 0.5-in.- 
diameter Bakelite form. 

Dielectric and eddy-current losses, which usually are neglected in the computation of 
“best”? coil shapes, appear to be primarily responsible for the noticeable discrepancies 
between calculated and measured data. 

SOLENOID WINDINGS. Single-layer solenoids are sometimes wound with each turn 
touching the preceding turn; this results in fairly high values of distributed capacitance 
and eddy-current and dielectric losses. The length of the winding, and consequently its 
inductance, vary considerably from coil to coil in this type of winding because of variations 
in wire size (unless the wire is selected to closer than the usual limits for its gauge) and 
because of the failure of each turn to lie snugly against the next throughout its length. 
Therefore, when the inductance tolerance of a coil is closer than a few per cent, it is cus- 
tomary to ‘“‘spin’”’ a few turns—about 5 to 10 per cent of the total on the end of the coil. 
These turns are wound with the same spacing as the main portion of the winding, but the 
group of wires in the spun portion is spaced about 1/g in. away from the balance of the coil. 
These ‘‘spun’’ turns can be moved on the coil form nearer to, or away from, the balance 
of the winding. 1” 

It is possible to wind a solenoid to very accurate length and inductance limits (on a form 
of accurate diameter) on a winding machine or lathe adjusted to produce the desired 
pitch per turn. This method allows uninsulated wire to be wound in a solenoid, if care is 
taken to secure the turns properly on the form to prevent slippage after the coil is wound. 
Depending upon the design requirements, the pitch may be chosen to give the minimum 
spacing necessary to assure mechanical and electrical uniformity with maximum variations 
in wire and insulation dimensions, or the spacing may be chosen for optimum electrical 
performance. 
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Solenoids are sometimes wound in a screw-thread groove in the coil form, but unless a 
molded form is used it is difficult to maintain an accurate effective diameter of the groove 
and inductance variations result. Also, winding the conductor in a groove may reduce 
somewhat the Q of a very efficient inductor because of increased dielectric losses in the 
material in the immediate vicinity of the conductor. A slight increase in distributed 
capacitance will also result. 

A simple manner in which to wind a single-layer solenoid is to choose insulation of the 
proper thickness to space the turns properly when the insulated wire is close wound. 

THE UNIVERSAL WINDING. This type of inductor is wound in single or multiple 
sections ranging in widths from about 1/16 to 1/9 in. On a simple type of winding machine, 
the width of the coil is controlled by a cam which oscillates the wire guide back and forth 
in a linear fashion on the periphery of the form or on the next lower layer of the same 
winding. The cam is geared to the main shaft of the winding machine. The main shaft 
holds the coil form and rotates the coil as it is wound. The number of teeth in the gear 
on the main shaft (or driven by the main shaft through a 1/1 gear ratio) over the number 
of teeth in the gear on the camshaft is called the gear ratio. The wire is wound on the 
form at an angle to the side of the coil form (winding angle) determined by the width of 
the cam, the diameter of the coil, and the gear ratio. Simon has stated that a practical 
limit of this winding angle is about 12 deg maximum. Above this value, the wire may 
slip on the coil form and a poor winding will result. The winding angle becomes smaller 
as the coil builds up, being approximately inversely proportional to the diameter of the 
winding at any point; when this angle is reduced to about 6 deg the turns cross each 
other at an angle which is too small and tend to align themselves in the spaces between 
adjacent turns on the previous layer. The coil will not build up properly after this point 
is reached. 

When a coil must be wound up to an outside diameter about equal to, or greater than, 
twice its inside diameter, it is frequently necessary to tolerate some slippage of the wire 
on the form at the start of the winding. The winding problem is, of course, greatly facil- 
itated when the designer restricts the height of the winding to a point within practical! limits. 

The winding angle is proportional to the cam width and also to the gear ratio, since the 
gears drive the cam at a rate depending upon their relative number of teeth. 

If g’, the pattern gear ratio, is the fraction q’/s’, where both q’ and s’ are small whole 
numbers, a simple and practical winding pattern should result. The number of cam 
cycles per winding cycles is gq’, and the number of planes cutting the periphery of the 
winding where interlaced crossing of turns occur is (s’ — 1). 

In order to have the winding pattern repeat on consecutive winding cycles with the 
required spacing between adjacent turns, the pattern gear ratio may be corrected by the 
amount +g9/xw/2cq’, where x is the desired number of wire diameters between turns 
(usually about 1.25), and w is the diameter of the wire. The plus sign produces a retro- 
gressive winding; the minus sign produces a progressive winding. The gear ratio, g, may 
be computed g = g’/(1 + [0.63w/cq’]). 

THE PROGRESSIVE UNIVERSAL WINDING. The progressive universal winding is a 
special type of universal winding in which the wire guide is moved parallel to the axis of 
the coil form as the coil winds. The machine for winding this type of coil is usually 
equipped with 100:1 reduction gears driving the set of gears on the rear of the machine 
which produce the progression. The pitch of the winding produced by a 1:1 set of pro- 
gression gears is usually very close to 0.01 in., but not exactly so on all machines. 

It is necessary to correct the gear ratio (which would be used for an ordinary universal 
winding) slightly in order to allow for the change in spacing which results from the pro- 
gression. This can be done by reducing g’ by the amount —0.5gpp/c, where gp is the 
progression gear ratio and p is the pitch. This factor is usually rather small. 

The steps required to determine the winding machine setup for this type of winding 
follow: 

First, determine the number of turns per inch by dividing the desired number of turns 
by the required length. For a relatively wide cam and short winding, it is desirable to 
subtract one cam width from the required length for this calculation in order to allow for 
the tapering off of the winding at its ends. At this point it is best to examine the result 
and determine the number of layers of wire which will be built up radially on the coil. 
If the number is less than about 2.5 a solenoid would be preferable; if it is more than about 
5 layers, the progressive winding may not build up satisfactorily, and a plain universal 
winding of one or more sections may be better. 

The cam for a progressive winding is usually as narrow as possible, since the distributed 
capacitance and dielectric losses increase with a wider cam. A wider cam, however, de- 
creases the steepness of the slope of the pile of wire upon which a turn must be wound and, 
consequently, enables a coil having more layers to be wound. 
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The value of g’ for a progressive winding is usually less than for a universal, since it is 
unnecessary to make provisions for winding the coil up to a height comparable to the form 
diameter. In this case it is desirable to choose q’ and s’, again fairly small whole numbers, 
but values such as 9/5 or 7/11, where q’ and s’ are larger, produce a better pattern on the 
surface of the coil. Landon and Joyner’s ‘‘composite” winding is obtainable when a fairly 
complicated pattern is obtained. 

SHIELDING. The successful operation of many of the modern communication lab- 
oratory devices and radio receiving sets depends upon the effectiveness of the shielding 
between the various parts, and so, in high-gain amplifiers, leads, vacuum tubes, trans- 
formers, and tuning coils are all shielded. This process generally requires the placing of a 
metallic shielding container around the individual parts. Shielding is attempted against 
both electric and magnetic fields and is particularly necessary in circuits carrying high- 
frequency currents. 

As has been pointed out before, whenever material is brought into the influence of the 
electric and magnetic fields of an inductor there is a transfer of energy to that material. 
Parts of the inductor are generally at a potential higher than that of the shield, which 
is usually at ‘‘ground” potential. With this condition there is added to the distributed 
capacitance of the winding more capacitance to ‘‘ground.” This further complicates the 


calculation of the actual inductance of the coil at high frequencies. 


Shields are generally constructed of non-magnetic or magnetic metals such as iron, zinc, 
copper, and aluminum. In the shield used for the shielding of a high-frequency magnetic 
field, the efficiency of the screen depends upon the eddy currents produced in the shield. 
The energy involved in the circulation of these eddy currents is drawn from the field of 
the shielded inductor. Magnetic shielding is therefore always accompanied by an increase 
in the effective resistance of the shielded inductor. 

When the resistivity and thickness of the metal shield remain constant and the fre- 
quency of the alternating electromagnetic field varies, the shielding increases as the 
frequency increases, owing to the increased flow of eddy currents. For a given kind of 
metal at any specified frequency the shielding efficiency increases as the shield thickness 
is increased. Under these conditions, a certain thickness of shield introduces a maximum 
resistance into the shielded circuit. The thickness of the shield which gives maximum 
added resistance to the shielded circuit decreases as the frequency increases. If shielding 
is to be obtained by eddy currents they must be free to flow as they will, which requires 
that there be no imperfect joints or breaks in the shield. A short-circuited coil may be 
used as a shield since the current induced in it by the field will set up an opposing field 
and give a zero local resultant. 

In an “open’’-circuit electrostatic screen, no eddy currents will flow, and the shield 
may be used to prevent the alternating field from reaching an impure dielectric and thus 
producing a loss. In this application the shield reduces the effective resistance of the elec- 
trical circuit. 

Since the eddy currents in a shield set up a magnetic field opposing the field of the 
inductor, it is evident that there will be a reduction of the net field surrounding the in- 
ductor winding. There is therefore a change in the effective coil inductance, which 
results in a decrease of the inductance value. 

Many investigators have attempted to state quantitatively the magnitude of the 
screening effects on coil inductance and resistance. An idealized mathematical solution 
of the problem (given in the Wireless Engineer) replaces the ordinary cylindrical screen 
by aspherical one, and the cylindrical coil by a dipole of the same magnetic moment placed 
at the center of the sphere. The development is possible because it has been found that 
the exact shape of the screening can is not important, and this permits the mathematical 
use of a sphere with a diameter the geometric mean of the three coordinates of the can. 
The expression developed shows the reduction of the effective inductance of the coil to 
depend upon the frequency, material constants, the screen thickness, and a linear dimen- 


sion representing the can size 
20.10 
L=I(1-=s> 3s (1) 


in which V, equals volume of the coil (winding section X length); Vs equals volume of 
screening can; K equals a constant less than 1 (K = 0.7 when coil length = coil diam- 
eter); Lo equals actual inductance of the short solenoid; and a equals factor depending 
upon f, dimensions, permeability, and resistivity of the screen can (a = almost 1 for 
non-magnetic materials). 

A general interpretation which may be made of this expression is that the effect of the 
screen on the coil inductance varies inversely as the diameter of the screen can to the 


cube power. 
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This conclusion has been stated by Hayman, and the results of a simple expression 
of the effect have been accurately checked by experiment. The approximate expression 
which has been given for short coils is 


18 5 GE 

L screened = Lunscreened (754) (2) 
where D = screen diameter and d = coil diameter. As the coil length approaches half 
the can length there is more influence from the ends of the can. This condition requires 
the use of a correcting factor which is expressed as 


1 \2 
End correction = [ — se ) | (3) 
21 can 


The calculations with these expressions for coils which do not exceed half the can dimen- 
sions have checked experimental measurements within less than 1 per cent. 

The effect of the eddy-current flow in drawing energy from the inductor results in an 
increase of the effective resistance of the inductor. If skin effect in the shield is negligible 
and the eddy currents are uniformly distributed through the screen, the effective addition 
to the coil resistance has been stated as 


ieee ope 
Fe eth © 
in which A = cross-section area of coil, square centimeters; 7 = number of coil turns; 
t = thickness of screen, millimeters; r = radius of screen can, centimeters; and p = re- 
sistivity of the can material, ohms per cubic centimeter. When skin effect in the shield 
forces a non-uniform distribution of eddy current the above expression is modified to 
take the form 


Ry = 0.95 X 1074 T2A2 Vip (5) 
if 
An indication of the presence of skin effect in the shield is gained from the expression 
ral 
p 
When this factor is less than 5000, the skin effect is negligible. 
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FORM MATERIALS. Some of the factors to be considered in choosing a form material 
are its mechanical strength, dielectric properties, coefficient of thermal expansion, machin- 
ability, moisture absorption, power factor at the operating frequency, and cost. Sometimes 
the operating-temperature requirements will not permit the choice of an otherwise desir- 
able material, or the heat required to solder leads to lugs on the coil form may soften the 
coil form and loosen the solder lugs. 

It has been found advisable to select an extremely stable material, whenever frequency 
drift requirements are severe, rather than an unstable material with compensation else- 
where in the circuit for inductance changes. Glass coil forms are sometimes possible where 
only a very small thermal expansion can be permitted. The various kinds of glass, with 
coefficients of linear expansion of about 3 to 9 parts per million per degree centigrade, are 
among the best materials now available. Steatite and mycalex also exhibit good tempera- 
ture stability characteristics. 

While phenolic materials have been popular because of their adaptability for use as 
form materials and their relatively low cost, their coefficient of linear expansion is only 
fair, being about 30 parts per million per degree centigrade. 

The coefficient of thermal expansion of materials which are not homogeneous (such as 
commercial laminated Bakelite tubing) frequently has different values for the radial and 
axial dimensions. Average values of these two coefficients can generally be furnished by 
the manufacturer or may be measured directly. 

The coil form is usually much more rugged than the winding, and therefore the tempera- 
ture instability of a coil is usually due to its form. Copper wire expands at about the same 
rate as Bakelite under varying temperature conditions. However, copper wire can be 
wound under tension on one of the more stable form materials and a stable coil will result; 
the form material must be sufficiently stronger than the wire so that the form is not dis- 
torted by the pressure of the wire. 
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Absorption of water by the coil form may result in loss of mechanical strength, a change 
in the distributed capacitance of the inductor, and consequent detuning of the circuit, 
and may produce conditions favorable to electrolysis or fungus growth. The various 
methods of treating coils, such as impregnating, varnishing, or the application of fungi- 
cides, may delay these harmful results, but it appears that the most certain way to avoid 
them is to choose materials which will not absorb water, if such materials are available 
and fulfill the other design requirements. 


A partial list of the more important properties of some of the more frequently used form 
materials is given herewith. 


Typical Properties of Form Materials * 


‘ Coefficient + 
Form Dielectric zonen Maestro of Linear Mates Machin- 
Material Constant Factor, | Temperature, Thermal | Absorption, ability 
% at 1 me deg cent Expansion % in 24 hr 

Bakelite, molded. . 6.0 4.0 120 30.0 O52 Fair 

paper base...... AE) 4.0 120 30.0 0.2 Good 
(GIEESis ot poogob de 6.0 0.4 Over 500 8.5 0 Very poor 
BiPyrexa ssa 4.5 0.2 500 355 0 Very poor 
Magnesium silicate 6.0 0.3 1000 7.0 0.02 Very poor 
IVY COO Xun eee cors cer: 7.0 0.3 300 8.5 0.04 Very poor 
Polystyrene....... 2.6 0.03 75 70.0 0.01 Good 
Porcelain. ...55... 6.5 0.7 1000 4.0 0.5 Very poor 
Rubber, hard..... 3.0 1.0 65 75.0 0.01 Fair 


* Values given are subject to considerable variation. 
} In parts per million per degree centigrade. 


IMPREGNATION OF INDUCTORS. Coil impregnation serves two principal purposes: 
first, the impregnating material tends to seal out moisture; second, the impregnating mate- 
rial improves the mechanical strength of the winding and holds it more firmly in place 
on the coil form. 

Hither before or during the impregnation of the coil, it is necessary to drive out of the 
winding and form any moisture that may be present. This is accomplished either by 
baking the coil at a temperature slightly higher than 100 deg cent before impregnating or 
by maintaining the impregnating material at such a temperature while the coil is being 
impregnated. The maximum limit of the temperature used during baking or impregnating 
is the temperature that will damage some part of the winding or its form or the impreg- 
nating material. 

There are many types and mixtures of different types of waxes which are used to im- 
impregnate coils. Resins also are mixed with waxes to improve their characteristics. 
The melting and softening temperatures, and the hardness of the wax, are determined by 
the kinds and amounts of the various kinds of waxes in the mixture. Some mixtures be- 
come extremely brittle at fairly low temperatures, which may be a serious disadvantage. 

Varnish of good electrical quality, or polystyrene dissolved in a solvent, are sometimes 
used to impregnate coils. Vacuum impregnation (dipping the coil in the impregnating 
material while it is in a partial vacuum) is usually resorted to when varnish or some similar 
material is used to impregnate a coil. 

The conditions under which the coil will be used determine the designer’s choice of the 
method and material for impregnating the coil. Very often the economy of the method is a 
determining factor. 

Coils which are designed for good conditions of temperature and humidity, such as in 
equipment to be used indoors in all but the most humid parts of the United States, are 
impregnated usually in a simple and inexpensiye way. For instance, many coils are treated 
by baking in an oven until most of the moisture is driven out, followed by immersion in a 
wax, resin, or mixture of both, at a temperature slightly higher than the boiling point of 
water until all agitation of the liquid ceases. The coil is then cooled and finally “‘flash- 
dipped” to produce an even coating of the same or a different impregnant on the outer 
surface. The first (baking) operation is frequently omitted for the sake of economy. 

Where more severe conditions of temperature and humidity are encountered, some better 
methods of impregnation and better materials are required. Two such impregnation 
procedures are described below. These methods were developed and tested by the Hazel- 
tine Corporation for use on equipment for the Army and Navy during 1945. The two 
processes are: 

Process 1. Q-Max A-27 diluted 1:1 with Toluene, applied by dipping and baking; 
recommended for Silicone-varnished Fibreglas-served wire. 
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(a) Bake the coil (on its form) for 1 hr at 110-120 deg cent. 
(b) While still hot, immerse the coil until bubbling ceases in a solution consisting of: 


1 part Q-Max Lacquer A-27 
1 part Toluene (‘‘technical grade’’) 


(c) Drain and air dry for 1 hr. 

(d) Bake for 4 hr at 140 deg cent. 

(e) Apply two more coats per (b), (c), and (d) above, redipping immediately after (d). 

Both processes described here require the use of combustible materials. Adequate 
ventilation must be provided and safety rules regarding fire hazards observed. 

Process 2. Styrene Monomer N-100 and Q-Max A-27 diluted 1:1 with Toluene, applied 
by dipping and baking. Recommended for use on Fibreglas- or silk-served wire. 

(a) Bake the coil (on its form) for 2 hr at 110 deg cent. 

(b) While still hot, immerse the coil in styrene monomer for 20 min. 

(c) Air dry the coil until dripping ceases. 

(d) Bake for 24 hr at 125 deg cent. 

(e) Redip in styrene monomer for 20 min. 

(f) Repeat (c) and (d). 

(g) Apply a thin coat of the Q-Max and Toluene solution. 

Coils impregnated according to the two processes given above should withstand tem- 
peratures ranging from — 65 to +85 deg cent with the relative humidity as high as 95 per 
cent at the highest temperature. 

THE SPECIFICATION OF INDUCTORS. The materials and the method of construc- 
tion of inductors can be shown readily by means of drawings and written specifications. 
However, it is sometimes difficult to specify the performance requirements of an inductor 
in an exact fashion. This is due to a lack of standardized measuring equipment in the 
industry capable of separating the effects of the distributed capacitance, inductance, and 
Q of the inductor in a practical and accurately measurable fashion, especially on the higher- 
frequency coils. It is possible, however, to compare one inductor to another with a higher 
degree of precision. Therefore, it has become a fairly widely accepted practice for the 
designer to adjust accurately one complete set of coils, which become the master standards. 
From these master standards, as many secondary standards as are required can be made 
and distributed to the coil adjusting and testing points. All performance specifications 
requiring very close tolerances are referred to these standards. If the standards are care- 
fully prepared, stored, and handled, the variations in their performance over a period of 
time due to aging, etc., are minimized. It is desirable to obtain measurements, on the 
most stable equipment available, of all possible performance data of the standards so that 
the master standards themselves can be rechecked. If both the coil manufacturer and 
designer can measure the inductor, with similar equipment and by similar methods, the 
data and the inductors measured can be exchanged and the test equipment calibrated alike 
in both places. Even if this can be done, in view of the difficulty involved in obtaining 
standardized test equipment and conditions it is generally desirable to use the master 
standard as the basis of the specification of inductor performance. 
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The formulas that follow have been found to be generally useful in the design of induc- 
tors. The inductance formulas are less accurate than those given in the Bureau of Stand- 
ards Circular C74. They do, however, produce a result with approximately the same accu- 
racy with which the usual range of radio-frequency inductors can be wound, using materials 
which are not selected to closer than normal limits. Their principal advantage is their 
simplicity. 


The dimensions and symbols used in these formulas follow: 


L = inductance of each section of a winding in microhenries. 

d = form diameter in inches. 

b = length of winding in inches. 

c = throw of cam used to wind a universal section in inches. 

w = outside diameter of wire, including covering insulation, in inches. 

t = number of turns. 
Co = distributed capacitance in micro-microfarads. 
p’ = pitch of winding in inches. 

h = height of winding above coil form in inches. 

a@ = mean diameter of winding in inches. 


+ 
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L, = total inductance of a multisection universal winding in microhenries. 
£p = progression gear ratio. 
y = number of sections in winding. 
g = gear ratio. 
g’ = pattern gear ratio. 
q’ = small whole number, numerator of fraction g’. 
s’ = small whole number, denominator of fraction g’. 
z = number of strands in litz wire. 
La = apparent inductance in microhenries of coil with distributed capacitance. 
on 2a times frequency in megacycles per second. 
p = pitch produced by winding machine when 1/1 progression gear ratio is used. 
SOLENOID AND PROGRESSIVE UNIVERSAL WINDING. Inductance. 
hie 
L = ——_ 
18d + 40b (6) 
Accurate to within about 1 per cent for solenoids with b > 0.4d. 
Turns. 
42 es 40b) (7) 
Distributed Capacitance. 
2.2d 
CO = SS 
so cosh! p’/w (8) 


for single layer solenoids only, where w is the diameter of the bare wire. The dielectric 
constant of the coil form, wire insulation, and impregnating material will increase the 
distributed capacitance above the calculated value. 

For progressive universal windings, the distributed capacitance is the minimum for the 
smallest cam throw; it is approximately proportional to the coil diameter. 

EACH SECTION OF A UNIVERSAL WINDING. Inductance. 


0.2a7¢? 


Png Gee 10K (9) 
Accuracy to within about 1 per cent when the three terms in the denominator are about 
equal. 
Turns. 
t = log (1.08 — 0.47d + 0.16¢ + 0.5 log L) (10) 


to within 5 per cent approximately, for windings having more than about 100 turns. This 
is an empirically derived formula. If more accurate results are required, the result may 
be substituted in eq. (6) above, and a suitable correction obtained. 
Height of Winding. 
1.25wt 
c 


h (11) 


for wire which does not flatten appreciably during winding, and with 1.25-wire-diameter 
spacing. For litz wire, flattening of the insulation may reduce the calculated height by 
about 5 to 10 per cent. 

Distributed Capacitance. The distributed capacitance of a universal winding is ex- 
tremely variable; it depends upon many factors, including the pattern gear ratio (g’), the 
spacing between conductors, etc. It is approximately proportional to the throw of the 
cam and to the form diameter. It is fairly independent of the number of turns on the 
winding. 

MULTISECTION UNIVERSAL WINDING. Inductance. 

In = L(2y — 1) (12) 


approximately, for each section with uniform spacing between sections about equal to 


the width of the section. 
Distributed Capacitance. Slightly greater than the resultant of the distributed capaci- 


tances of the individual sections in series. 
SPIRAL WINDING. Inductance. 


_ +h)? 
~ 16d + 44h 


where h is the difference between outside and inside diameters. 


L (13) 
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MEASUREMENT FORMULAS. Apparent Inductance. 
L 


Shy 1 — wLCo uo) 
Distributed Capacitance. 
— 4¢. 
O = an 4G (15) 


where C; and C, are the capacitances required to resonate the inductor at frequencies f 
and 2f, respectively. When C) and (2 are large, the value of Co obtained will be somewhat 
larger than that computed from the actual self-resonance of the coil. 

FIGURE OF MERIT. The Q of an inductor is usually measured directly on equipment 
designed for that purpose. If such equipment is not available, a voltage can be induced 
in the inductor in a resonant circuit, with suitable precautions taken to avoid additional 
loading, and the resonant band width measured at the half-power point. The ratio of 
the test frequency to the distance between the half-power points is equal to the Q of the 
inductor. 

UNIVERSAL WINDING GEAR RATIO CALCULATIONS 


Minimum cam width = Approximately 3w 


Cam Cycles per Winding Cycle. ‘ , 
qd 
ee aS (16) 


for forms of average smoothness; this was expressed first by Simon in terms of cross-overs 
(one-half cam cycle) per winding cycle: 


/ 


g 


yh ata macs 
3 ef omt4e (17) 
for very smooth forms. Choose a small whole number for q’ and 8’, with 
c 
, _- 
Sa 30 (18) 
Gear Ratio. 
0.63w 
s=e (1 ay ) (19) 


Set the calculated value of g on the C or D scale of a 10-in. slide rule, and locate the coinci- 
dence of two whole-number lines within the range of available gears on the C and D scales. 
These two coincident line numbers can be used as the number of teeth in the gears. 

PROGRESSIVE UNIVERSAL WINDING GEAR RATIO CALCULATION. To deter- 
mine whether progressive universal should be used, if 


et (20) 
&pP 
a solenoid should be used, according to Landon and Joyner. To determine minimum cam 
throw: 
4w? 
ones: (21) 
&pP 


which is Landon and Joyner’s formula in the terms used here. To determine cam cycles 
per winding cycle: 

eg age 

~ 4e 8’ (22 


, 


Choose fairly small whole numbers for g’ and s’; the more complicated patterns result 
when s’ is made fairly large, and a proper choice of q/ and s’ can be made so that the wire 
is adjacent to a preceding turn in the pattern on both forward and backward strokes of 
the cam, producing Landon and Joyner’s ‘‘composite’’ winding. To determine progression 
gear ratio: 


b 
Sp > = (23) 


tp 
0.5gpp 0.63w 
= PS mee meres 1 
r~ (¢ B82) (288) o» 
This is essentially the original formula published by Landon and Joyner, in the form sug- 


To determine gear ratio: 


—— 
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gested by Simon. Use the minus sign after g’ when the winding forms a right-hand screw 
thread. If a left-hand thread is formed, a plus sign should be used. The value of g may 
be computed in the same manner as for a universal winding. 
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FERROUS-CORED INDUCTORS 


By A. J. Rohner 


The utility of ferromagnetic cores in coils lies in the fact that such cores have a higher 
magnetic permeability than air. This permeability may be anywhere between 2 and 
100,000. The use of a ferrous core may have the following beneficial effects: 

(a) Increase of inductance. With a complete magnetic path of ferromagnetic material, 
this increase may be several thousand times the air-core value of inductance. 

(b) Increase of Q. This results from the increased inductance, if the increase of loss 
due to core loss is not greater than the increase of inductance. 

(c) Magnetic shielding. The magnetic field of the coil is constrained to follow to a 
large extent the path of the high-permeability core. 

(d) Adjustability of inductance. Movement of the core in or out of the coil, or variation 
of an air gap in the core, gives mechanical means of adjusting the inductance. 

The limitations of ferromagnetic cores in coils are due to certain undesirable qualities of 
ferromagnetic materials. Most important of these are: 

(a) Magnetic saturation, which occurs at 7000 to 15,000 lines per square centimeter. 
These values depend upon the kind of core material and are for a magnetizing force of 
10 oersteds. 

(b) Non-constant permeability. Permeability varies with the direct current passing 
through the coil, the alternating voltage impressed across the coil terminals, and other 
factors. 

(c) Core loss, which is a wattage loss additional to the copper loss of the coil; it deter- 
mines the frequency range for which each type of core material may be used. 

Core loss consists of two distinct parts, hysteresis loss and eddy-current loss. See 
Section 2, ‘‘Magnetic Materials,’’ Spooner, ‘‘Properties and Testing of Magnetic Mate- 
rials,’ or ‘‘Magnetic Circuits and Transformers” by staff of M.I.T. Hysteresis loss is a 
magnetic effect due to the magnetizing and demagnetizing of the core and is proportional 
to the frequency. Hysteresis loss can be reduced by using core material that is easily 
magnetized and demagnetized, i.e., a ‘‘magnetically soft’? material. Eddy-current loss 
is an electrical effect due to induced currents within the core material and is proportional 
to the square of the frequency. Eddy-current loss can be reduced by using core material 
of high electrical resistivity, and by laminating or powdering the core. 

At the higher frequencies, eddy-current loss becomes predominant and a finer subdivision 
of the core material is necessary. 

Frequency Ranges. At frequencies below about 4 ke, the core usually consists of thin 
sheets, either in the form of flat plates or ‘‘laminations,”’ as thin as 0.003 in., or in the form 
of ribbon, which can be made as thin as 0.001 in. Above 20 ke, the core usually consists 
of powdered material, the grains of which may average as little as 0.00012 in. in diameter. 
Between 4 and 20 ke, either sheet material or powdered material may be suitable. How- 
ever, thin ribbon cores are useful up into the low- and medium-radiofrequency bands, 
while powdered cores, of larger grain size, are useful down to 1 ke or lower. 
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CORE CONSTRUCTION. 
Typical lamination shapes, 
and a ribbon core, are shown 
in Fig. 1. In general, all 
sheet-material cores form a 
complete magnetic path 
around the coil, except for 
small air gaps which may be 
purposely introduced, and the 


F 
< cross-section of this magnetic 
Vari- path is essentially uniform 
ablé throughout the length of the 
SN magnetic circuit. 


(d) (e) SSC Assembly: of laminated 
Scrapless L Scrapless OL cores is illustrated in Fig. 2. 
( ps A butt joint is actually a 

Ribbon core small air gap, because of oxide 


Fie. 1. Laminations and Ribbon Core on the ends of the lamina- 
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tions, non-squareness of the ends, and imperfect meeting of the joint. This butt-joint 
gap may be from 0.0005 to 0.002 in. long. A value of 0.0015 in. per gap may be assumed 
for average design purposes. When there is an air gap, the magnetic flux usually must 
cross this separation twice. Thus, for example, if the air-gap spacer is 0.010 in. thick, 
the total length of air gap in the core, including the butt-joint gaps, is 0.023 in. 

Usually, ribbon cores are cut in two after winding, forming two C-shaped pieces, and 
the ends of each C-piece are ground flat. When the two pieces are placed together, after 
adding the coil, the ends meet in tight butt joints, 
each joint being about 0.0005 in. long, so that the core 
as a whole approaches a continuous ferromagnetic 
path. 

Stacking Factor. Because of oxide or other insula- 
tion on the sheet material, non-flatness of sheets, and 
stamping burrs on laminations, the magnetically use- 
ful cross-section of a sheet core is never 100 per cent 
of the measured cross-section. The ratio of the two 
is called the ‘“‘stacking factor.’’ Values that may be 
used as a guide are given in Table 1. 


Mean length of 
magnetic path 


Table 1. Stacking Factors ras dal 
Laminated Cores Ribbon Cores 
19-mil..... 0.94 14-mil..... 0.65 
14-mil..... 0.92 DS=MAl dss 0.91 
O=millyn 2h 0.83 S=milky yx 0.86 
3-mil 0.71 2-mil........ 0.80 


Materials most commonly used in sheet-material 
cores are: Butt joint Air gap 

(a) Silicon steel, especially the better grades, having Fra. 2. Assembly of Laminated Cores 
silicon content from 2.5 to 4.75 per cent. 

(b) Grain-oriented silicon steel. Hipersil and Silectron are trade names for this material. 

(c) Nickel-iron alloys, of approximately 50-50 composition, variously known as Nicaloi, 
Hipernik, 4750, or 49-Alloy. 

(d) Permalloy, an alloy of about 80 per cent nickel with iron. Hymu is a similar 
material. 

(e) Mumetal, similar to permalloy, but with 5 per cent copper added. 

For more detailed description of sheet-core materials, see Section 2, Magnetic Materials, 
Spooner, Chapter IV; Elmen, ‘“‘Magnetic Alloys of Iron, Nickel, and Cobalt,” J. Franklin 
Inst., May 1929; Alleghany Ludlum Bulletins HM-11 and EM-12, and their Magnetic 
Core Materials Practice; Follansbee, Electrical Sheet Handbook, Magnetic Metals High 
Permeability Alloys; and Westinghouse, Metals and Alloys. 

Thickness of Sheets. For inductors operating at 25 to 120 cycles, 25-mil-thick (U.S.S. 
gage 24) and 19-mil-thick (26-gage) laminations are useful. Sheet of 14-mil thickness 
(29 gage) is widely used, both for laminations and ribbon, for applications from 60 cycles 
to the middle audiofrequencies. Below 14 mils, sheet material can be obtained in almost 
any thickness down to 1 mil. However, stamped laminations, and preformed ribbon cores, 
of these thinner sheets became available largely as a result of war needs and are not yet 

standardized. Laminations can be purchased, of 7- 


on mil silicon steel, 6-mil 49-Alloy and Hymu, 4-mil 4750, 
? and 3-mil 4750, in a large variety of sizes. Hipersil 
ee % ribbon cores are obtainable in 14-, 5-, 3-, 2-, and 1-mil 


sheet thickness. 

COIL CONSTRUCTION. Low-frequency induc- 
tors usually have multilayer coils, with insulation 
between iayers. See Fig. 3. The coil is wound upon 
a rectangular spool of spirally wrapped paper or fiber, 
Start of col 30 or 40 mils in total thickness, slightly larger in inside 

dimensions than the core over which it is to be placed, 

Start of second layer and slightly shorter than the core window. These 
Fie. 3. Layer-wound Coil clearances may be 1/39 or 1/16 in. Wire is usually solid 
copper, with enamel insulation. The length of the 

winding, or ‘‘wire traverse,’’ is less than the length of the spool, to allow a “margin” 
of 3/39 to 3/16 in. at either end. Over each layer of wire is placed one turn of insulation, 
the same width as the length of the spool, which forms a smooth support for the next 
layer. Kraft paper, having a thickness about 1/5 of the wire diameter, is a very satis- 


Layer Insulati 
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factory material for layer insulation. Glassine paper, of about the same thickness, is 
often used with wire of 24-gage (A.W.G.) or smaller. Layer-wound coils, of this con- 
struction, require no end boards to hold the wires in place. 

Coils without layer insulation (tandom-wound) may also be used, allowing about 50 
per cent more turns in a given space. There are several disadvantages to this type of 
winding, however. The wire must have more than ordinary enamel insulation to prevent 
shorted turns, which reduces the space advantage somewhat. End boards, or tape, are 
necessary to hold the wires in place. Multiple winding cannot be used. 

After the coil is wound, flexible lead wires are attached if the wire of the coil is smaller 
than 20 gage. Then the coil, or the core and coil together, are impregnated with a varnish. 
wax, or asphaltic compound to exclude moisture and air and to strengthen the coil mechan- 
ically. See Belden Handbook 12, Anaconda ‘‘Magnet Wire and Coils,” or Inca Bulletin 3. 

Inductors having a three-legged core, Fig. 1(a), (b), (c), have a single coil, placed on the 
middle leg of the core. With two-legged cores, Fig. 1(d), (e), (f), two coils are sometimes 
used, one on each leg, the two coils being connected in series or in parallel. The use of 
two coils results in lower resistance and a smaller dimension over the coil. 

DESIGN PROCEDURE is carried out by: 

(a) Choosing a core material and core size. 

(b) Choosing a wire size, and determining how many turns of this wire will fit in the 
core window. About 5 per cent allowance should be made for wires not lying tightly 
together. Also, the total calculated build of the coil, including spool, layer insulation, and 
outside wrapper, should not exceed 90 per cent of the core window height. 

(c) Calculating the inductance, resistance, core loss, heating, capacity, and Q from the 
dimensions and the number of turns. Three or four trial designs may be necessary before 
the desired constants are arrived at. 

Inductance. Since sheet material cores are characterized by high permeability, prac- 
tically all the magnetic flux is confined within the core structure. The inductance of a 
sheet-core inductor, without air gaps, is given by 
AnrN*Akpac 

l 
in which N is the number of turns on the coil, A is the cross-section of the core in square 
centimeters, k is the stacking factor, / is the mean length of the magnetic circuit in centi- 
meters, and pac is the a-c, or ‘‘incremental,’’ permeability of the core material. 

When air gaps are present in the core, the inductance is given by 
4rN*Akpave 

l 
in which payg is the average permeability of the core, including air gaps. This average 
permeability is 


L= <0) ‘henry, (1) 


L= xX 107° henry (2) 


Lf Mac 
PAVE VEEMG/ Dias 
in which a is the total effective length of all air gaps, in centimeters. 
At any air gap the magnetic flux spreads, so that the cross-section of the magnetic field 
is greater than the cross-section of the core. It is most convenient to treat this “fringing” 
as if the length of the air gap were effectively reduced. If m and n are the dimensions of 
the core cross-section at the air gap, and J, is the actual physical length of the air gap, 


(3) 


mn I 
(m+h)n+i) ~~ * 

Permeability. Incremental, or a-c, permeability is the kind of permeability of interest 
in connection with most inductors. See Magnetic Circuits and Transformers, p. 198. It 
is a variable, depending upon: 

(a) The material of the core. 

(b) The amount of d-c magnetization. 

(c) The amount of alternating flux. 

(d) Wave form of the a-c voltage. 

(e) Previous magnetization of the core. 

(f) Temperature. 


Of these factors, only the first three are considered in practical design work, although the 
others are by no means negligible. 
When a core has no air gaps, the d-c magnetization, Hac, is given by 


* 0.4rNI 
Hac = ar ee 
in which J is the direct current flowing through the coil, in amperes. 


Effective length = approximately (4) 
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It is usually more convenient to express the amount of a-c magnetization of the core in 
terms of flux-density variation, which is a function of the a-c voltage across the coil, rather 
than in terms of magnetizing force, which is a function of the a-c current in the coil. The 
peak a-c flux density, Bmax, is given by eq. (6), if the a-c voltage is sinusoidal. 


E 
B Se es 8 
max AAN Abf xX 108 gausses (6) 


In this equation, # is the rms voltage across the coil, f is the frequency, and the other 
symbols have the same meaning as 


: a 10,000 
given previously for eq. (1). Equa- i 
tion (6) applies whether or not there 5000 tH 
are air gaps in the core. See Figs. 8 OTL rT 

2 = 
4, 5, and 6. om F ; : = 2000 [| ae as 
D-c Magnetization with Air Gaps. = was at 

D-c magnetization can be reduced by *s 1000 ‘ 54 
inserting an air gap in the core, im- € = dc e cH 
proving the a-c permeability. See 3% °00 det : 
Figs. 4, 5, and 6. Up to a certain s Hac=h 
point, this results in an increase of 200 
inductance. See eqs. (2) and (3). RaG ill 
Beyond that point, any further in- 10 20. 50 100 500 1000 10,000 
crease in the air gap causes a de- A-c Flux density, B,,ay» in gausses 

crease of inductance. Fig. 4. A-c Permeability 3.6% Silicon Steel ‘‘58’’ Grade 


The amount of d-ec magnetization 
in the ferromagnetic core material, when there is an air gap in the core, can be determined 
by the graphical method shown in Fig. 7. See Karapetoff, The Magnetic Circuit. This 
method utilizes the normal magneti- 


20,000 zation or B-H curve of the particular 
10,000 | alisha \ core material, of which several are 
i eH EEN given in Fig. 8. 
35000 = 0-21 The d-c magnetization of the core 
= ims Fl material and the a-c flux density 
= 5000 Waez feq. (6)] having been determined, 
8 Wace 2H the a-c permeability is then found 
¢ 1000 Hy from curves such as Figs. 4, 5, or 6. 
o ae See ge oH This value of permeability is used 
° Ly in eq. (8) to compute the average 
oe Aaa permeability of the core, including 
200 zi T air gaps, which is then used in eq. (2) 
100 to calculate the inductance of the 
10 20 50 160 500 1000 10,000 reactor. It is usually necessary to 
A-c Flux density, Bray, in gausses try two or three values of air gap 


to discover the optimum one. This 
method of determining the optimum 
air gap, and the maximum inductance, may be called the ‘‘fundamental method.” 
A short-cut method of determining optimum air gap and maximum inductance was 
worked out by C. R. Hanna (De- 20,000 


Fie. 5. A-c Permeability 50-50 Nickel-iron Alloys 


sign of Reactances and Transform- EG 
ers Which Carry Direct Current, Hide ee 

Trans. A.I.E.H., February 1929). Hace® 

He showed that a curve can be 19,006 r ae? 

drawn, for any particular core ma- ' i550 

terial, whose coordinates are NI/l 3 Wd 4 

and LI?/V, V being the volume of = 5000 Hac=0-4 

the core. Such “optimum design $ | 
curves’’ are shown for three com- E 3000 19.20 

monly used materials in Figs. 9, & i Wades 

10, and 11. When using these < 0 

Purves i should “be. remembered Z000 aca o> 

that they apply only to a special Hac= 0.40 

case, in which maximum induct- 

ance for a given amount of direct 1000 3 Ta eo0 Ee SRT ETT 


current is the quality desired. If Mecca ote, in/caueces 
the reactor is to be used at several sk 
different values of direct current, Fra. 6. A-c Permeability Mumetal 
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or if other considerations govern the design, the approach described previously should 
be used. 

Saturation. If the sum of the d-c flux density and the peak a-c flux density approaches 
the saturation density of the core material, serious wave-form distortion occurs. This sum 
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should not exceed 12,000 gausses for silicon steel or for 50-50 nickel alloys. The d-c flux 
density may be found by the graphical method of Fig. 7, and the peak a-c flux density, 


raha 
Fie. 9. Optimum Design Curves for Inductance with D.C. 3.6% Silicon 


Bmax, from eq. (6). If the total flux density is excessive, and the d-c flux density is the 
larger part, the air gap should be increased. If the a-c flux density is the larger part, the 
number of turns on the coil should be increased. 
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RECTIFIER-FILTER REACTORS AND AUDIOFREQUENCY PLATE REACTORS 
are examples of inductors for which maximum inductance at a given value of direct current 
is the most important quality desired. The ‘“‘optimum design curves’ are ideally suited 
for such designs. 

THE SWINGING CHOKE is a reactor which must have a specified inductance at some 
large value of direct current, but which must increase rapidly in inductance as the direct 
current is decreased. An air gap is used which is optimum, not for the largest direct cur- 
rent nor for the smallest direct current, but rather for some intermediate value. An ap- 
proximate design can be arrived at by using the ‘‘optimum design curves’’ for an interme- 
diate value of direct current. Then the inductance should be calculated for the maximum 
and minimum currents by the fundamental method. In some 
cases, part of the core stack may have a large air gap to 
provide a good inductance at the largest current, while the 
remainder of the core may have a small air gap to give high 
inductance at the minimum current. 
cfreuit SATURABLE REACTORS are inductors the inductance of 
which is varied by means of a variable direct current. Inter- 
leaved laminations are used to get the greatest effect of the 
Interleaved core  d-c magnetization. It is necessary to isolate the d-c circuit 

from the a-c circuit by means of separate windings. It is also 

Tae, 1. Coatiancttien wat necessary to prevent transformer coupling between the a-c 

Saturable Reactor and d-e windings. Figure 12 illustrates the construction of 

a saturable reactor. The a-c windings should always be 

connected in parallel. See Holubow, ‘‘D-C Saturable Reactors for Control Purposes,” 
Electronic Industries, March 1945. 

COIL RESISTANCE. The mean length of turn is calculated from the coil geometry, 
converted into feet, and multiplied by the number of turns. Reference to a wire table 
(Section 2, article 3) will give the d-c resistance of the coil, in ohms. Skin effect can be 
neglected, except for very large wire, above 1 ke. Allowance for temperature must be 
made. The resistance of a coil increases about 0.4 per cent per degree centigrade, above 
20 deg cent. Thus, if an inductor operates 
at a coil temperature of 70 deg cent, its 
resistance will be 20 per cent higher than 
calculated for 20 deg cent. 

CORE-LOSS curves are shown in Sec- 
tion 6, article 14. The core loss is deter- 
mined in watts, which can then be added 
to copper loss watts to find the total heat 
dissipated in the reactor, and the tempera- 
ture rise. 


D-c circuit 


~ 

When the effect of core loss on the Q 3 
of the inductor, rather than heating, isthe * 
matter of interest, core loss can be repre- © 
sented by a resistor in parallel with the #2 
coil, of a value R; ohms. s 

0.1 
ene (2) 


Ww 


In this formula, # is the rms voltage 
across the coil, and W is the watts core 
loss. The core loss of most sheet-core 
materials varies very nearly as the square 
of the applied voltage, so that the ratio 


5 0.01 
E?/W is very nearly constant over a con- 50 100 1000 ,000 
siderable range of voltage. Figure 13 Cycles per second 
gives core-loss curves of several materials Fic. 13 Core Loss at 2000 Gausses (Bmax) 


at 2000 gausses. If P is the watts per 

pound, at 2000 gausses, and MM is the weight of the core, in pounds, the core-loss resistance is 

_ 78.8(N Akf)? 
PM 

OPTIMUM Q. Q is often defined as the ratio of reactance to resistance. ‘This is true 


when the only resistance present is in series with the coil, as is the case with the copper 
resistance of the winding. When there are both series and shunt resistances, as with a 


R; X 107 ohm (8) 
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ferrous-cored inductor, @ is more clearly defined as the ratio of reactive volt-amperes to 
resistive volt-amperes. 

For a particular core and coil, at a particular frequency, the shunt resistance of the 
core and the series resistance of the coil are practically fixed quantities. The reactance, 
however, can be varied by changing the air gap. There is a value of reactance which will 
produce the maximum Q. This problem is illustrated by the circuit shown in Fig. 14. In 
this circuit, R, is the resistance of the coil, R; is the resist- 
ance of. the core, and X is the reactance of the inductor. 
Maximum Q is attained when Coil resistance 


Re 


Xe lee —— 
—=— or X=VRR:; R; X 
Re x ie © Corie: Coil 
. A 5 resist reactance 
The air gap is adjusted so that ine 
L= V RR: for maximum Q (10) Fic. 14. Equivalent Circuit, 
Qf Ferrous-cored Inductor 


Equations (2) and (3) are used to compute the correct air gap. When the air gap and 
inductance are adjusted to optimum, 


x 
Q= oR, (11) 


The maximum Q that can be obtained in a low-frequency, sheet-core inductor is prac- 
tically independent of the inductance, the number of turns, the voltage, or the flux density. 
That is, a 10-henry reactor can be made with practically the same Q as a l-mh reactor, 
by proper design. Maximum Q that can be realized depends only on the core material, 
the size of the core, and the frequency. See Fig. 15. For other sizes of core, the Q will 
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Fria. 15. Q vs Frequency, Various Core Materials 


vary as the linear dimension if the proportions are the same, or as the cube root of the core 
volume if the proportions are different. Thus, a core having twice the linear dimensions 
of the one shown will have 8 times the volume but will give only twice the Q. For other 
core materials, the Q that can be realized will vary inversely as the square root of the 
relative core loss. Thus, a material having one-fourth the core loss will give twice the Q. 

Air Gaps for Q should be located inside the coil, and preferably at the center of the coil 
length. There should be no air gaps outside of the coil. Fringing flux creates a magnetic 
field external to the reactor. When the reactor is placed in a metal can, or near a metal 
chassis, eddy currents are set up, which may reduce the Q of the reactor by a factor of 
2 or 3 to l. 

Optimum Permeability for Q. For a particular core and coil, at a particular frequency, 
there is an optimum value of inductance which will give the highest Q. See eq. (10). This 
value of inductance requires a certain average permeability of the core. See eq. (2). 
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Practically all sheet-core materials have too high a value of a-c permeability to give the 
optimum inductance, so that it is necessary to reduce the overall permeability of the core 
by inserting an air gap. The use of an air gap to produce maximum Q in an inductor 
should not’ be confused with the use of 

1000 } an air gap to reduce d-c magnetization. 


ial im The two purposes are different and dis- 
tinct. 
z. 


The optimum overall permeability, 

NEN Hl Ar} Mave, required to produce maximum Q is 

a function of the core material, the core 

> size, and the frequency. See Fig. 16. 

{ 2. For other sizes of core, optimum perme- 

Ht tf TORN ability will vary inversely as the linear 

- <5 dimensions if the proportions are the 

SON SoH same, or inversely as the cube root of the 

Y core volume if the proportions are dif- 

al, a d ferent. For other core materials, the 

i i optimum permeability will vary in- 

versely as the square root of the relative 

1000 10,000 core loss. 

Cycles per second A striking fact brought out by Fig. 16 

Fic. 16. Permeability for Maximum Q is that the optimum overall permeability 

becomes less than 50 at frequencies 

above 4000 eycles. The high a-c permeability characteristic of sheet-core materials is of no 

advantage in this region. Permeability of the order of 50 can be realized with powdered- 
iron cores. This opens up the possibility of using powder cores at such frequencies. 
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16. HIGH-FREQUENCY, POWDERED-CORE INDUCTORS 


Powdered cores differ from sheet cores in two important characteristics. They have, 
in general, lower core loss, particularly eddy-current loss, and they have much lower 
permeability. Both these characteristics are due to the subdivision of the core into minute 
particles, and both are desirable at high frequencies if the Q of the inductor is a major 
consideration. See above, ‘‘Optimum Permeability,’ and Fig. 16. 

Material used for powdered cores are magnetite, a natural iron oxide, electrolytic iron, 
hydrogen-reduced iron, carbonyl iron, powdered Permalloy, and powdered molybdenum 
Permalloy. For descriptions of these materials and their method of manufacture, see 
Section 2, “‘Magnetic Materials’; H. G. Shea, ‘“Magnetic Powders,” Electronic Industries, 
August 1945; V. E. Legg and F. J. 


Given, ‘‘Powdered Molybdenum 
Permalloy,” B.S.T.J., July 1940. 
Particle sizes range from about 50 
microns diameter (0.002 in.) for audio- SP 
frequency cores to about 3 microns for 
cores useful at 100 mc. The particles 
making up a core are not all the same (b) Cylindrical slug 


size. This is an advantage, as it gives ; 
‘ aan Q) Ring core C) Slug with 
a better packing of the magnetic mate- (2) OTe aha! 


rial, the smaller particles filling in the 
spaces between the larger ones. Since 
eddy-current loss is proportional to the 
square of the particle diameter, the 
root-mean-square diameter of the par- 
ticles making up a core is the particle 


dimension of greatest significance. 
Weight-average diameter is often 
given. This is a figure a few per cent (d) Core and shell (@) Core and half shesg 
higher than the root-mean-square di- 
ameter. 

CORE CONSTRUCTION. Particles are coated with an insulating material, or treated 
in some manner to give them high surface resistivity, and mixed with a plastic binder. 
The mixture is compressed in molds at pressures of 50 to 100 tons per square inch, to form 
the desired core shape. The resulting core is a solid block of material resembling iron in 
appearance and somewhat lighter than iron in weight. Figure 17 illustrates a few basic 


Fig. 17. Basic Types of Powdered-iron Cores 
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styles. As better audiofrequency core materials are developed, cores of the shapes shown 
in Fig. 1 are also being offered. 

COIL CONSTRUCTION, in general, follows the practice used for air-core coils of the 
same frequency range. Since powdered-iron cores are employed at the higher audio- 
frequencies and above, skin effect, coil capacitance, and coil dielectric loss are controlling 
factors in coil design, as with air-core coils. See Section 2, ‘Inductors with Air Cores.’ 
The presence of a core introduces two modifications of coil design. A somewhat longer 
coil, of less build-up, is desirable, to take better advantage of the core. Dielectric loss and 
dielectric constant of the winding form are of more importance when there is a core, 
especially if the core is grounded. 

PERMEABILITY. ‘Intrinsic permeability’’ is the permeability of the magnetic 
particles. ‘Composite permeability,” ‘“‘ring-core permeability,” or just ‘permeability’ 
are terms used to describe the permeability of a core, made in the form of a ring sample, 
and wound with a toroidal coil. Such a sample has uniform flux density throughout its 
length and practically throughout its cross-section, and no end effects. Consequently, 
the ring-core permeability may be called the true permeability of the core material. The 
relation between ring-core permeability, », and intrinsic permeability y:, is given by 


= (ui)? (12) 


in which p is the ‘“‘packing factor,” or fraction of the core volume occupied by magnetic 
material. See Legg and Given, also analysis by H. Beller and G. O. Altmann, ‘‘Radio- 
Frequency Cores of High Permeability,’ Electronic Industries, November 1945. Table 3 
gives values of ring-core permeability for a number of core materials. 

The term ‘‘effective permeability” is used to describe the permeability of a cylindrical 
or slug-type core [Fig. 17(b)]._ Such permeability is much lower than ring-core permeability 
of the same core material, be- 


’ 


cause of demagnetizing effects Table 2. Effective Permeability of Cylindrical Cores 
at the ends of the cylinder. 

This matter has been investi- Ratio Length/Diameter 
gated by R. M. Bozorth and Rineearn 

D. M. Chapin, ‘‘Demagnetiz- Permeability | 2 “3 | 6 | 
ing Factors of Rods,’”’ J. Ap- Effective P. bilit 
plied Phys., May 1942, and uit See Ea 
by W. J. Polydoroff and A. J. 5 2.20 3.40 4.1 4.4 
Klapperich, ‘‘Permeability of 10 2.98 4.57 6.8 8.2 
High Frequency Iron Cores,” 15 3.47 5.65 8.7 10.8 
Radio, November 1945. Ta- a rely ae ite be 
ble 2 shows effective perme- a se A795 Tio 14.0 


ability versus ring-core per- 
meability for various ratios of ; 
core length to core diameter. The coil is the same length as the core, in these data. 


INDUCTANCE. The inductance of a toroidal coil on a ring core is given by 
2 
L= - [A’ + A(u — 1)] X 107° henry (13) 


in which WN is the number of turns on the coil; d is the mean diameter of the core, in centi- 
meters; A’ is the mean cross-section of the coil, at right angles to the flux path, in square 
centimeters; A is the cross-section of the core, in square centimeters; and wu is the ring-core 


permeability of the core. ; da 
The inductance of a coil on a cylindrical, or slug-type core, if the coil is the same length 


as the core, is 
bi \2 
t= 1a|1+(*) (= 1) | (14) 
0 


In this equation, Lo is the inductance of the coil without iron, }; is the radius of the iron 
core, bo is the mean radius of the coil, and yu, is the effective permeability, as given in 
Table 2. Ifthe core is longer than the coil, the effective permeability is increased to a value 


Hea = Her \ I (15) 


1; being the length of the core, and ly that of the coil. This higher value should be sub- 


stituted for pu, in eq. (14). 
Formulas are not available which apply to the various shell-type cores. The variety 
of shapes, non-uniform cross-section of the core, and square corners in the magnetic path 
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offered by the core make any accurate analysis very difficult. The inductance of a coil, 
having a central core and a shell, will be greater than its inductance with the central core 
alone. On the other hand, its inductance will be less than that of a toroidal coil, of the 
same number of turns, on a ring core of the same average cross-section and the same mean 
length of magnetic path. See “Measurement of Iron Cores at Radio Frequencies,”’ D. E. 
Foster and A. E. Newlon, Proc. I.R.E., May 1941, and above reference by Polydoroff and 
Klapperich. : : : 

CORE LOSS AND Q. Core loss is of interest in high-frequency inductors primarily 
because of its effect upon Q, or quality factor. The addition of the core increases not only 
inductance but also resistance. A toroidal coil on a ring core has been analyzed by V. E. 
Legg, ‘Magnetic Measurements at Low Flux Densities,’ B.S.T.J., January 1936. His 
formula for the increase of resistance due to core loss is 


R = [(@Bm + of + ef?]uL ohms (16) 


In this, R is the resistance added to a coil by the core; a, c, and ¢ are the hysteresis, residual, 
and eddy-current loss coefficients; f is the frequency, in cycles per second; By is the peak 
a-c flux density, in gausses; p is the ring-core permeability; and L is the inductance of the 
coil with the core, in henries. Coefficients are given in Table 3 for a number of core 
materials. 

The resistance added to a coil by a cylindrical core has been analyzed by Foster and 
Newlon, reference above, who give a formula 


4a pe’b;*lip 


v=) a 
” bee V4be + le? 


ohms (17) 
Symbols have the same meaning as for eqs. (14) and (15), p being the loss factor of the 


core material. The loss factor must be determined by measurements upon a sample of 


the particular core mate- 
Table 3. Ring Permeability and Core-loss Coefficients rial. Published data are 


at not available on the loss 
F P My factor of cylindrical cores. 
. Perme- | Hysteresis | Residual vy 
Material ability | wa X 103 | we X 103 Current In Table 3, the figures 
pe X 106 
for the permalloys are 
2-81 Molyb. Perm.....| 125 0.20 3.8 2.4 taken from Legg and 
2-81 Molyb. Perm.....| 26 0.18 2.5 0.2 Given. Figures for the 
2-81 Molyb. Perm.....| 14 0.16 2.0 0.1 other materials are Gen- 
SiPermalloy,.t.-.. oe * Bf 2.8 3.8 eral Aniline and Film Cor- 
81 Permalloy......... : 2.8 0.7 oration data blished 
Carbonyl Dien gant 55 0.86 18.0 0.073 He . AS tees 
in the articles by H. G. 
Carbonyl... 2. 39 1.45 27.0 0.10 
Cfo hie 24.8 3.1 0.13. | Shea, and by Beller and 
Carbonyl C.......... 16.7 11 0.14 Altmann, previously re- 
Garbonylibneeneen 10.4 0.3 0.11 ferred to. 

Carbonyl TH. 25 .: 9.6 0.3 0.10 PERMEABILITY 
Shae eet so, ae ee . TUNING, or ‘‘variable re- 
CCtrOly iGo «circles si : f luct : ” Gs th 
Hydrogen redused alia) 1.04 23.0 0.17 oe eee Det aa 
Hydrogen-reduced.... 18.4 2.6 0.12 ys 20] CC 
Hydrogen-reduced....| 16.9 1.0 0.12 | Cuit to resonance, at a de- 
Hydrogen-reduced....| 12.5 3.1 0.11 sired frequency, by mov- 
Miagnetitensse.ss sso: 1has) oF 1s5: ing an iron core in or out 
Magnetite........... Bey, 6.8 0.21 of the coil. A simple ar- 
Magnetite........... ral O58) 0.085 rangement for doing this 


is to mold a screw in one 
end of a cylindrical core as illustrated in Fig. 17(c). The screw passes through a tapped 
hole in the coil housing and is slotted at the end for a screwdriver. Rotation of the screw 
moves the core axially into or out of the coil, varying its inductance and the resonant 
frequency of the circuit. Such a system is ideal for a circuit tuned to some fixed frequency, 
such as an intermediate-frequency transformer circuit. See ‘‘Ferro-inductors and Perme- 
ability Tuning,’”’ W. J. Polydoroff, Proc. I.R.E., May 1933. 

Incremental permeability tuning is a system of adjusting the resonant frequency of a 
circuit by varying the permeability of the iron core without any mechanical motion. The 
permeability is varied by means of d-c magnetization on the same principle as the saturable 
reactor. Increase of d-c magnetization causes a decrease of inductance and an increase 
of frequency. By proper design, the increase of frequency, from some minimum value, 
may be made proportional to the direct current. ‘Incremental Permeability Tuning,” 
W. J. Polydoroff, Radio, October 1944. 
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CAPACITORS 


By James I. Cornell 


A capacitor or condenser is an electrical device used primarily because it possesses the 
property of capacitance. Though capacitor is the preferred engineering terminology, the 
term condenser is still widely used. 

Electrostatic capacitance is defined as the ratio of the electrical charge Q stored in the 
capacitor by virtue of the applied voltage (Hac). That is, when a d-c voltage is impressed 
on two conductors insulated from each other, the voltage causes an electrical charge to 
flow into the system. One conductor assumes a positive charge and the other an equal 
negative charge, depending upon the polarity of the impressed voltage. The charge on 
the conductors produces electrostatic stresses in the region between them. The work 
done in charging the capacitor appears as stored potential energy. This energy is released 
when we remove the impressed voltage and short-circuit the capacitor electrodes. The 
capacitance is a measure of the charge or stored potential energy for a given voltage. In 
terms of physical units, a capacitor having a capacitance of 1 farad will store 1 coulomb of 
charge or 1 watt-second of energy for 1 volt of applied direct voltage. 


17. CLASSIFICATION OF CAPACITORS 


Capacitors may be classified according to form, dielectric medium, and electrode structure. 

Generally, the classification of capacitors according to form is determined by whether 
the capacitance is variable or fixed. 

Variable capacitors cover two essential types, namely: 

1. Variable capacitors provide for continuous control of the capacitance and are used 
for varying the resonance frequency of a 
tuned circuit with which it is associated. 
The dielectric employed may be air, com- 
pressed gas, or liquid types. See Fig. 1. 

2. Adjustable capacitors provide for lim- 
ited control of the capacitance, and these 
capacitors are usually found in frequency- 
determining circuits for alignment pur- 
poses such as_ intermediate-frequency 
transformers, etc. The dielectric medium 
used in adjustable-type capacitors may 
be air, mica, or some form of ceramic. 

Fixed capacitors employ a wide range 
of dielectric materials, and, because of the 
different dielectric media used, the form 
and usage of these capacitors must be 
evaluated according to their dielectric in 
terms of circuit requirements. The wide 
variation in the kinds of dielectric mate- 
rials available for capacitors permits con- 
struction to meet practically all kinds of Fial i) “TypicaltVariable Capacitors 
circuit requirements. 

FIXED CAPACITORS CLASSIFIED ACCORDING TO DIELECTRIC MEDIUM. 
Gas Dielectrics. Vacuum and compressed-gas-filled capacitors are designed for elec- 
tronic power circuits where high voltage, high current, and high frequency requirements 
are encountered and where other types of dielectrics are inadequate because of excessive 
losses and resultant overheating. 

Impregnated Paper. The most common form of solid-dielectric capacitors employed 
in electronic and communication circuits are impregnated-paper types. _High-purity kraft 
paper may be impregnated with microcrystalline hydrocarbon waxes, chlorinated waxes, 
vegetable oil, mineral oil, Askarels or synthetic chlorinated oils, and plastics. _Impreg- 
nated-paper capacitors are usually made up in a multiple-layer foil and paper structure 
of rolled construction and are impregnated after winding. 

Plastic Film. Special design considerations such as low dielectric absorption or high 
operating temperatures have resulted in the development of plastic-film dielectrics, using 
such substances as polystyrene, acetate, or butyrate. These follow the general construc- 
tion of the impregnated-paper types except that the plastic dielectrics are in final form and 
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are impregnated only for the purpose of removing surface moisture and eliminating voids 
in the winding. 

The principal virtue of polystyrene lies in the very low absorption characteristic and its 
low losses at radio frequencies. Its use is limited to an operating temperature of 85 deg 
cent. Other synthetic plastic films such as acetates and butyrates have been found useful 
for applications requiring operation at ambient temperatures exceeding 85 deg cent, and 
they have been operated experimentally at 150 deg cent. They usually have high r-f power 
factor, and their use is restricted to d-c or low voltage a-c circuits where high ambient 
temperature is the principal consideration. 

Inorganic Dielectrics. Common inorganic dielectric materials are solid dielectrics con- 
sisting of mica, glass, and ceramic types; also liquid dielectrics such as silicone oils. The 
solid dielectrics are usually in sheet or plate form which require a laminated stacked con- 
struction. The electrodes may take the form of foil, or a silver coating deposited directly 
on the surface of the dielectric before the stacking operation. 

Ceramic dielectrics are supplied in a variety of shapes other than laminal, and one of 
the most popular is a hollow cylinder with the electrodes placed on the inner and outer 
surfaces in the form of a silver coating. They form a capacitor whose capacitance is a 
function of the dielectric constant of the ceramic. Capacitance values are usually low or 
less than 2000 wuf. The dielectric constant and temperature coefficient of the ceramic 
body can be varied widely to give capacitors with negative, positive, or zero temperature 
coefficients of capacitance. 

This form of capacitor is receiving more consideration in r-f circuits where a negative 
temperature coefficient is used to compensate for the positive temperature coefficients of 
other circuit elements with which they are associated. 

The electrode structure used with a silicone oil dielectric is of the rigid grid type similar 
to that found in variable capacitors. Silicone oils will withstand high ambient tempera- 
tures and are characterized by low r-f power factor. 

Oxide Film Dielectrics. Electrolytic capacitors owe their unusual characteristics to 
the oxide film dielectric layer which is produced electrochemically on aluminum, tantalum, 
and certain other metals. Details of this form of dielectric will be found under the subject 
“Electrolytic Capacitors.” 

CLASSIFICATION OF FIXED CAPACITORS ACCORDING TO PLATE STRUC- 
TURE. Rigid multiple parallel plate structure used in connection with gas or liquid di- 
electrics. Under this classification may be found the silicone and compressed gas capacitors 
for high-power, high-frequency radio transmitting and dielectric heating circuits; also wet 
electrolytic capacitors for use in low-voltage receiver power-supply filters. 

Interleaved foil or stack construction used in connection with mica, glass, ceramic, and 
plastic film solid dielectrics. 

Helical or Rolled Plate Construction. The most common form of plate structure for 
solid dielectrics such as impregnated paper, plastic film, and electrolytic types is the helical 
or rolled plate construction. In this construction the electrodes are of very thin foil 
separated by a single- or multiple-ply dielectric layer and wound into a cylindrical roll. 

Metallized plate construction where the electrodes are deposited on the surface of the 
dielectric. This construction is used with mica, ceramic, glass, plastic, and impregnated- 
paper dielectrics. 

CAPACITOR CHARACTERISTICS. Variable Nature of Capacitance. Three principal 
characteristics of any dielectric medium influence the physical form of capacitors: 

1. Dielectric constant or specific inductive capacity, denoted by K. 

2. Dielectric strength. 

3. Dielectric loss or power factor. 

The dielectric constant is a numerical quantity, expressed as the ratio of the capacitance 
of the structure with a dielectric other than air to the capacitance with air as the dielectric. 
In other words, the higher the specific inductive capacity or dielectric constant (K), the 
smaller the size for a given capacitance. Note: Refer to Section 2 for the dielectric constant 
of various materials. 

Dielectric strength may be defined as the property of the dielectric by which it with- 
stands breakdown when a voltage is applied to it. The dielectric strength is expressed in 
volts per mil of dielectric thickness. The shape of the electrodes by which the voltage is 
impressed on the dielectric and the duration of the impressed voltage help to determine 
the rupture voltage. When the applied voltage is alternating, the wave shape and fre- 
quency of the voltage affect the dielectric strength. Because of these variables, the dielec- 
tric strength in volts per mil is not a constant and is usually expressed as a voltage range. 

Capacitance varies inversely as the plate separation or dielectric thickness. The limiting 
minimum thickness is the voltage that the capacitor is required to withstand. Therefore 
the higher the dielectric strength, or breakdown potential, of the insulating medium, the 


VARIABLE AND ADJUSTABLE CAPACITORS 3-55 


thinner the dielectric and the larger the capacitance value for a given electrode area. This 
can best be illustrated by comparing ceramic dielectric to the oxide film dielectrics of 
electrolytic capacitors. Most ceramic dielectrics are limited to a breakdown potential of 
less than 100 volts per mil, whereas the oxide film thickness of an electrolytic capacitor is 
measured in micrens and will withstand a voltage stress equivalent to a million volts per 
mil of dielectric thickness. 

D-c Leakage. Continued polarization of a capacitor by direct voltage after full electri- 
fication results in a flow of current termed the leakage current. Though the d-c leakage 
is negligible under most conditions of operation, it varies with temperature and should be 
taken into account in circuit designs, especially those involving grid coupling capacitors 
or similar circuits which are affected by the flow of conduction current in the capacitor. 

Dielectric Polarization and Absorption. Capacitors with solid dielectrics take longer to 
charge than would be predicted from their theoretical constants, owing to a lag or delay 
in polarizing the dielectric medium. This is known as dielectric polarization. When a 
capacitor is discharged by short circuiting, all its energy is not released and it will build up 
a new charge with time which is known as the residual effect. This characteristic is known 
as dielectric absorption. Both are detrimental to circuits requiring rapid charge and dis- 
charge characteristics. Selection of a dielectric like polysty- 
rene is dictated in circuits where dielectric absorption must be 
held to the absolute minimum. 

Figure 2 illustrates schematically what takes place in a ca- 
pacitor having d-c leakage and dielectric absorption. C repre- 
sents the geometric capacitance based on a perfect dielectric. 
C; and r; represent the absorption effect. The pure conduction 
effect is represented by re. 

Power Factor, Q, or A-c Resistance. When a capacitor is operated under a-c voltage 
stresses, the dielectric will heat up, depending upon the frequency of the applied voltage. 
The a-c resistance or the power factor is a measure of the heat dissipated. It is more con- 
venient in working with electrical circuits to use a ratio of the pure reactance to the 
effective resistance which is termed the Q factor. The Q factor can be employed for the 
purpose of comparing various capacitors quantitatively since it constitutes a figure of 
merit for a given design. 

It is easily seen that, although so-called fixed capacitors may be made up using any 
one of the many different types of dielectrics, the actual capacitance is a variable depend- 
ing upon the physical characteristics of the dielectric, which vary with: 

A. Voltage. Capacitance will change with voltage. The voltage coefficient will vary 
with the magnitude of the d-c or a-c impressed voltages. 

B. Frequency. The capacitance will change with frequency and is a function of the Q 
or power factor of the dielectric. 

C. Time. Capacitance will change with time because of dielectric aging. 

D. Temperature. Capacitance values will change with temperature since dielectrics 
change with temperature or have a temperature coefficient. 

These characteristics serve to demonstrate the fallacy of considering a capacitor as an ideal 
fixed capacitance. 

Inductance. In addition to the limitations imposed by the dielectric media, another 
limitation, which results from mechanical design, is inductance. All capacitors have a 
self-resonant frequency and behave like a circuit involving series inductance, resistance, 
and capacitance. Above the critical frequency, the reactance is inductive and not capaci- 
tive. In fact, capacitors behave like a complex impedance depending upon the operating 


frequency range. 


Fie. 2. Schematic Circuit of 
Capacitor 


18. VARIABLE AND ADJUSTABLE CAPACITORS 


Capacitors designed for frequent adjustment. by an equipment operator are usually 
termed variable or tuning capacitors. Capacitors of this type most often use an air di- 
electric, although other dielectrics are suitable for special circumstances. For example, 
compressed air or nitrogen dielectrics reduce the size of high-voltage capacitors in large 
transmitters. Mineral oil, silicone fluid, and other liquid dielectrics save space because 
of their higher dielectric constant. In addition, such capacitors have a higher breakdown 
voltage for the same interelectrode spacing. 

Capacitance adjustment in variable capacitors is usually made by varying the effective 
plate area. The capacitor consists of two sets of parallel intermeshed plates, one fixed 
and one rotatable on a mounting shaft. Rigidity of the capacitor framework and freedom 
from warpage of the plates and the stator insulation are extremely important from the 
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standpoint of circuit stability. For extremely stable circuits in high-grade electronic equip- 
ment, carefully designed Invar steel frames and plates may be used to minimize capacitance 
shifts with ambient temperatures. More commonly frames and plates are of aluminum 
or silver-plated brass. In the cheapest broadcast receivers, cadmium-plated steel has been 
used. To facilitate tracking of circuits in broadcast receivers, the outer rotor plates are 
sometimes slotted to permit small adjustments in the capacitance-rotation curve. The 
supporting insulation for the capacitor stator is usually phenolic or ceramic, depending 
upon circuit considerations. Electrically low-loss, dimensionally stable steatite or glass- 
bonded mica insulation is used in capacitors where high Q and low capacitance drift are 
important. In the highest grade of precision laboratory standard capacitors the insulation 
is quartz. 

In certain highly accurate instruments, the ‘‘standard” variable capacitors consist of 
two co-axial cylinders, one fixed and one movable. 

Capacitors intended for relatively infrequent adjustment of capacitance are termed 
‘trimmer or adjustable” capacitors. Most common in broadcast receivers is the small mica 
trimmer capacitor. Such a capacitor consists of a fixed and a hinged movable metal 
electrode mounted on a phenolic or ceramic base with a mica spacer between the two elec- 
trodes. The movable leaf is raised or lowered by threading it on a screw. These capacitors 
are sometimes called ‘“‘book mica trimmers.” 

In high-grade electronic equipment, especially for frequencies above the standard broad- 
cast band, trimmer capacitors similar in construction to intermeshed plate variable capaci- 
tors are used. In many cases, they have a shaft positioning locking device such as a 
split tapered bushing and nut. Also found in such equipment: are adjustable ceramic 
capacitors. These capacitors consist of two coaxial half-silvered ceramic disks, one fixed 
and one rotable. The ground unsilvered faces are kept in contact by spring pressure. 
The capacitance depends on the extent of overlap of the silvered faces. Through selection 
of various ceramic compositions an opportunity is provided for some degree of circuit 
temperature compensation. 

Transmitter neutralizing capacitors are a special design of adjustable capacitors consist- 
ing of a fixed disk with rounded edges and a similar coaxial movable disk mounted on the 
end of a set screw. Capacitance adjustment is by turning the screw in and out of a 
threaded support. 

In high-powered aircraft transmitters, adjustable vacuum capacitors are sometimes 
employed. These capacitors have a metal bellows to permit positioning the movable 
capacitor element. 

The maximum capacitance of variable capacitors usually employed in electronic circuits 
is from 10 to 530 uuf. For use as a capacitance standard, units are made with capacitances 
up to 5000 wuf. Trimmer capacitors may have a maximum capacitance of 5 to 75 uyf. 

Since air dielectric capacitors have very little loss in the dielectric and supporting 
insulation, they will show practically no change in capacitance with frequency. Accurate 
measurements of capacitance values at audio frequencies may therefore be depended upon 
at radio frequencies with a good degree of precision. 

EFFECT OF STRAY CAPACITANCE. Units of variable capacitance generally are 
for relatively small values, and in a circuit, particularly at high frequencies, the capacitance 
effects of the various other parts of a circuit will be appreciable as compared with the 
capacitor unit. Every part of the apparatus has capacitance to other parts, and these 
small stray capacitances may be appreciable. The stray capacitances are particularly 
objectionable because they vary when parts of the circuit or conductors near by are moved, 
such as the hand or body of the operator. The disturbing effects may be minimized in 
practice as follows: (1) by keeping the capacitor a considerable distance away from con- 
ducting or dielectric masses; (2) by shielding the capacitor, that is, surrounding the whole 

- capacitor by a metal covering connected to 

3! one of the sets of plates; (3) by using a capaci- 
4’ tor of sufficiently large capacitance so that 
stray capacitances are negligible in compari- 
son. The first two of these methods reduce 


y 2 only the stray capacitances of the capacitor 

itself to other parts of the circuit and to ex- 

ci ternal moving bodies. Although the third 

i 3 procedure is workable for the lower radio fre- 
B,C D quencies, it fails at the very high and ultra- 

Fie. 3. Semi-butterfly Circuit high frequencies, and an entirely different 


; ; approach to the problem has been necessary. 
Karplus has described a variable capacitor design which includes the circuit inductance. 
In this design, wide tuning range with simultaneous change of lumped capacitance and 
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inductance is obtained by rotation of a member that does not require any electrical con- 
nections.. This arrangement is called the butterfly or semi-butterfly circuit, depending 
upon the configuration of the variable capacitor design. Figure 3 shows such a circuit. 

Maximum and minimum capacitance of a butterfly circuit can be computed as in a 
variable air capacitor, but, owing to the butterfly shape, capacitance ratios are considerably 
less than in well-designed tuning capacitors. 

CAPACITANCE FORMULA. The general expression for the capacitance of a multi- 
plate capacitor is (in micro-microfarads) 


C= o.osssK ‘Y= DS 


(1) 
in which S is the area in square centimeters of a moving plate overlapping a fixed plate; 
T is the separation of plates in centimeters; K is the dielectric constant (for the air capaci- 
tor, K = 1); N is the total number of similar plates (fixed plus movable), alternate plates 
being connected in parallel. In eq. (1) no correction is made for the curving of the lines 
of force at the edges of the plates; this effect is negligible for most capacitors, when T' is 
very small compared with S. 

The numerous applications of variable capacitors in radio circuits place different require- 
ments upon the capacitor in its characteristic variation with setting. For laboratory use a 
capacitor is usually designed with semicircular plates. With this form the capacitance 
increases linearly with the angular displacement of the movable plates. In other radio- 
circuit applications it is convenient to have the capacitance vary with the setting to some 
other power than the first, and these forms are noted below. 

Plate Form, Semicircular. In a variable capacitor of the semicircular type the effective 
area of the plates is changed by rotating the movable plates. Throughout the entire plate 
rotation the capacitance is proportional to the setting, provided that the capacitor is well 
constructed and the distance between the two sets of plates is not affected by rotation of 
the movable set. When the plates are entirely unmeshed (no overlap), measurement 
usually will show that there is an appreciable capacitance between the capacitor terminals. 
For a 5000-upf capacitor this may be as large as 75 wuf. This value is practically unaffected 
by the position of the movable plates on the rotor, and it represents the capacitance be- 
tween the insulated binding posts and the small capacitance formed across the insulators 
which separate the plates. The capacitance of a variable capacitor cannot, therefore, 
be reduced to zero, and such relations as are developed for capacitance-rotor positions hold 
only when the plates are enmeshed a considerable amount. Throughout the range in 
which the capacitance curve is linear the capacitance is given by the expression 
C = aé + b, in which @ is the angle of rotation of one set of plates with respect to the other. 

Plate Form, Logarithmic. In a special form of wavemeter, called the decremeter, the 
plates are so formed as to determine the logarithmic decrement of a circuit. This is meas- 
ured by the percentage change in capacitance required to reduce by a certain amount the 
indication of an instrument in the circuit at resonance. In order that equal angular rota- 
tions may correspond to the same decrement at any setting of the capacitor, it is necessary 
that the percentage change in capacitance for a given rotation shall be the same at all 
parts of the scale. In order that each degree displacement give the same percentage 
increase in capacitance the following requirement must be satisfied: 


dC 


Cc = ado (2) 
where a = constant = percentage change of capacitance per scale division. Integrating, 
log C = a8 +b (3) 

where b = a constant 
CO = e(+d) = Coe (4) 


where Cy = e’ = capacitance when @ = 0. 
Since the area must vary as the capacitance: 


A= a fr dd = Cye® (5) 
using polar coordinates 
FT ae hae: 
and AE cis, 
r = V2Cae% (7) 


The last expression is the polar equation of the bounding curve required to give a uniform 
decrement scale. 
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Plate Form, Wavelength. For certain applications it is desirable to have the wave- 
lengths proportional to the setting of the capacitor. Since the wavelength varies as the 
square root of the capacitance, this will require that the capacitor plates be formed so 
that the capacitance of the circuit varies with the square of the setting. In designing the 
shape of these plates, allowance should be made for the stray capacitance of the circuit. 
For the design of the simple straight-line wavelength capacitor the following expressions 
are used: 


Cp Ae —00e (8) 
In polar coordinates the area 
A= 1p fir do (9) 
Differentiating both expressions: 
A ae 
dd 0 «3 alae 
r = V4a0 (10) 


which is the polar equation of the bounding curve to give the desired characteristic. 

Plate Form, Frequency. In another type of capacitor, of much more importance than 
those mentioned above, the variation of capacitor setting is directly proportional to the 
frequency for which the total circuit is tuning. The importance of this type follows from 
certain considerations in radio communication, which require the spacing of broadcasting 
stations from each other by equal increments in frequency. It is this condition which 
makes highly desirable a capacitor so designed that equal increments in capacitor setting 
advance by equal increments the frequency to which the associated circuit is tuned. 
Such a capacitor will tuve for the various broadcasting stations at equally spaced points 
in the capacitor dial. 

In making this special form of variable capacitor the shapes of either rotor or stator 
plates may be adapted to perform the required area-setting variation. It is usually more 
convenient to use ordinary semicircular stator plates and form the rotor plates to the 
required shape. On this basis Forbes has shown that the radius vector to the edge of the 
rotor plate must satisfy the relation: 


4D* 
-.[—— ee tt 
= 3 (11) 
ee as a| 


KV Co 


in which D = 1/(27VL); L = inductance of the circuit in henries; n = number of di- 
electric spaces; k = 107!'/(367d); d = length of air gap between plates; K = (foe — fisoe)/r 
= cycles per radian of capacitor scale; foe 
= frequency of circuit with capacitor set at 
0 deg; fisoe = frequency of circuit with 
capacitor set at 180 deg; Co = total capaci- 
tance of circuit when capacitor is set at 0 
deg—this includes stray circuit capacitance 
as well as that of the zero setting of the ca- 
pacitor in farads; 6 = angle of rotation of 
the plates, radians; and 7 = radius of the 
cut-out of stator plates to accommodate the 
rotor shaft. All dimensions in centimeters. 
The capacitance of such a capacitor, for any 
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200 angular position 6 of the rotor, is 
D 2 
100 ————- ker? 
C4 = | 2D +([™ | - cw 
on — Ké 2 
5 0 (12) 
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cal Forms of Variable Air Capacitors, Streight-ne the ibtigs es key oe Crone Menitae- 

Capacitance, Straight-line Wave Length, and turer of variable capacitors. The curves 

Straight-line Frequency shown indicate the value of capacitance ob- 

tained for various settings of the three 

general types of capacitors, straight-line capacitance (SLC), straight-line wavelength 
(SLW), and straight-line frequency (SLF). 
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Plate Form, Special Designs. Special considerations must be given to the design of 
variable air condensers when two or more units are connected together for operation on a 
common shaft. This grouping of sections into ‘‘gangs’” sometimes places five condensers 
on a single control, and these may perform important functions in as many individual 
circuits. An illustration of this construction occurs in a radio receiver in which there are 
two identical units for tuning signal frequency circuits, one unit with specially shaped 
plates to tune the oscillator circuit and two smaller units to tune the short-wave circuits. 
In order to integrate the actions of all these condensers in the above superheterodyne 
radio receiver, where the single control is particularly desirable, various methods of design 
have been developed. KE. D. Koepping has described the general principles involved, 
D. F. McNamee has presented a graphical solution of the design problem, and H. Schwartz- 
mann has shown an analytical solution of the problem (see Bibliography, p. 3-73). 

PLATE SPACING OF AIR CAPACITORS. Between two oppositely charged parallel 
plates of infinite extent the field is uniform. It is known, however, that the field between 
two finite plates is not uniform, tending to greater voltage gradients at the edges. Stress 
at a point in a dielectric is determined by the gradient at that point, and stresses above 

certain critical values lead to the formation of corona and sparkover. This may be pictured 

as follows, with plate spacing = S and thickness as 7’. For large values of S/7', the radius 
of the plate edge is small and a high gradient exists. As the plate thickness is increased, 
keeping plate center-to-center spacing and applied voltage constant, the radius of edge 
curvature is increased. This decreases the edge gradient. Inside the capacitor, however, 
the gradient increases because of the reduced spacing. It has been suggested by Ekstrand 
that the best value of S/T may be between 2 and 3. Investigation seems to corroborate 
Ekstrand figures by fixing the optimum S/T at 2.77. 


Plate Dimensions and Voltages of Capacitors at Various Frequencies 


Sparkover Voltage Maximum Gradient 
TF S 
in. in. S/T kv kv kv kv/in. kv/in. kv/in. 
@ 60 cy. | @700ke | @ /500 ke | @ 60 cy. | @ 700 ke | @ 1500 ke 
0.128 | 0.218 1.705 14 1320) (Woz 89.1 85.8 87.1 
0.04 0.192 4.8 8.4 7.59 6.82 80.2 1/088) 7fsI 
0.064 | 0.719 | 11.24 24 14.28 lithe, 82.0 48.8 40.0 


It has become a habit to consider breakdown as coincidental with sparkover. Actually, 
breakdown has occurred at the first sign of corona, and corona may become evident at a 
considerably lower voltage than sparkover. When a conductor is raised beyond a certain 
critical potential, the air adjacent to it becomes ionized, forming corona. The ionized air, 
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Fia. 5. Breakdown Voltage vs Altitude (Atmospheric Pressure) 
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being itself a conductor, can be considered to increase the dielectric losses. If the gradient 
is further increased, the conditions become unstable and sparkover occurs. 

Not only are capacitors used in transmitters and electronic heating devices subjected to 
high voltages, but they also must carry considerable amounts of power. The power input 
+o a capacitor is measured by the energy stored in it multiplied by the number of charges 
and discharges per second. 

Transmitter capacitors used in aircraft electronic equipment must have their plates 
spaced properly to withstand voltages encountered at maximum flying altitudes. The 
curves of Fig. 5 indicate breakdown voltage for various plate spacings at various altitudes. 


19. IMPREGNATED-PAPER CAPACITORS 


Impregnated-paper capacitors are the most efficient of all types because of their 
flexibility in size, shape, and rating. They cover an extremely wide range in size from the 
small toothpick varieties found in hearing aids to large welded case blocks. Flexibility 
in voltage ratings is second only to size values with a range from 1 volt to 200,000 volts. 
‘Capacitance values are common in a range from 100uuf to 200uf in a single container. 

Electronic equipment designers are primarily concerned with d-c application of impreg- 
nated-paper capacitors. 

D-c service includes such applications as rectifier filters, energy storage, arc suppression, 
and-by-passing for electron-tube and circuit elements. D-c ratings provide for small a-e 
components where their heating effects are negligible. Experience indicates that the a-c 

Edges of foil swedged 
both ends Tinned copper tabs 


Aluminum 
oil yf J foil 
Kraft paper 

dielectric 


, Kraft paper 
7 If dielectric 


(0) 


Fie. 6. Inductive and Non-inductive Capacitor Windings 


components should not exceed 20 per cent of the d-c value at a frequency of 60 cycles, or 
15 per cent for 120 cycles, or 1 per cent for 10,000 cycles, and for higher frequencies the 
allowable magnitude is determined strictly on thermal evaluation of the high frequency 
component. 

Other special electronic applications require rating of the capacitor on an a-c rather than 
a d-c basis, such as tuned filters and pulse networks. 

A-c versus D-c Ratings. It is possible to rate capacitors designed for a-c service in 
terms of d-c voltages, but it is not practical to rate d-c capacitors in terms of a-c voltage 
ratings because of the difference in design considerations in the d-c rated capacitors in 
comparison to those rated for alternating current. 

Some of these design considerations are: 

1. D-c voltage ratings depend essentially on dielectric stress. 

2. A-c voltage ratings depend not only on dielectric stress but also on the operating 
frequency and power factor. Frequency and power factor determine the internal heating, 
which must be kept within limits determined by the radiating surface of the container. 
For small a-c capacitors, the ratings are determined from dielectric breakdown voltage 
considerations. In the larger a-c voltage ratings, the prime design consideration is heating. 

In general, the following tabulation represents the nearest standard d-c rating corre- 
sponding to the several standard a-c voltage ratings: 


A-c Vouts D-c Vouts 
110 200 
220 400 
330 600 
440 1000 
550 1500 
660 2000 


Chlorinated diphenyl impregnated capacitors designed for a-c service cannot be used 
on direct current unless the impregnant has been chemically treated with inhibitors or 
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stabilizers to prevent deterioration of the impregnant from the combined influence of the 
d-c field and high temperature. 

Construction of Winding. Impregnated-paper capacitors are made in a roll construc- 
tion, consisting of two metallic foils separated by two or more sheets of impregnated kraft 
tissue. In the roll construction the resultant capacitance is twice that obtained with a 
parallel-plate construction since both sides of 


the foils are active. The capacitor winding “a 
may be round or flat, depending upon mechani- 40 +--+) 
cal considerations of housing. < ante 
A further consideration in roll construction pre 
is whether the foils are of the ‘“‘buried” type 330 ind 
with tabs for contact members or of the ex- -£ Ds center off _ / 
tended foil construction. See Fig. 6(a) and (b). §& 
The extended foil construction gives the low- £20 
A oi . 3 ctive, tabs at 
est value of self-inductance since all the turns 2i5 indi 
are bonded together, the construction ap- 
-proaching that of a stacked parallel-plate 10 
capacitor. The ‘“buried’’ foil winding ap- 5 
proaches the ‘‘extended”’ foil if the tabs are - 
inserted at the center of the winding within 
one turn of each other. Figure 7 shows a com- tae — a 3000 6 aan 
parison of the impedance for ‘‘extended”’ vs. 


<i Ges : 5 Fia. 7. Comparative Power Factors for Induc- 
buried”’ foil constructions for a frequency tive and Non-inductive Windings 


range of 60-5000 cycles. 

Impregnation of Winding. The impregnants most commonly used with kraft paper 
are microcrystalline hydrocarbon waxes, chlorinated waxes and oils, castor oil, mineral 
oil, and plastic compounds. These various impregnants offer a wide range of characteristics 
with temperature. Figure 8 shows six of the more common wax and oil impregnants for a 
temperature range of —40 to 100 deg cent. These data were taken for average production 
capacitors and do not represent minimum requirements. Minimum requirements are 
shown in the accompanying Table 1. 

Voltage Rating of D-c Capacitors with Temperature and Service Conditions. All 
capacitors are affected by temperature, voltage stress, and time. 


Table 1. Minimum Impregnant Requirements 


Castor | Mineral | Chlorinated 
Oil Oil Dipheny] | Halowax 

Megohms times microfarads: 

TN O74 SO OS a Pe eee 500 2000 1500 2000 

Attahirehevest Cermiperavure teen ciste cielo oreiere aloes 8, 01'si 050 5 20 15 100 
Insulation resistance in megohms: 

IN pe ATEN Bhag, Bi ea RP PRR, ON es == ae RD SOS 1500 6000 4500 6000 

AP NS HiLeBE LLODRDCLALULOL wane eee ccahais lopexesenosei wescqel oo vi 150 600 450 1000 
Capacitance change in per cent at low ambient test 

temperature from value at 25°C f.............-. — 30 —15 — 30 —10 


* 85° C for all impregnants except Halowax, which is measured at 65° C. 
+ Lowest temperature —40° C except for Halowax, which is — 20° C. 


It has been standard practice to rate d-c capacitors at a 40 deg cent ambient temperature 
on the basis that such a rating would provide sufficient factor of safety to withstand a life 
test of 1000 hours at twice the rated voltage at this temperature, which is equivalent to 
approximately 1 year of normal service conditions. 

Design trends for electronic equipment toward smaller and smaller physical volume have 
resulted in ambient temperatures considerably in excess of the 40 deg cent value considered 
standard before World War II. 

It has not been generally understood that increasing the ambient temperature above 
40 deg cent required voltage derating for an equivalent life expectancy at the higher tem- 
peratures, and that the derating factors are a function of capacitor size. Capacitor size 
can best be evaluated for d-c ratings in terms of energy content in watt-seconds. 


Watt-second = 1/, CE? 


where C = capacitance in microfarads and # = d-c voltage in kilovolts. 
This was a problem given joint industry and government appraisal during the war, and 
the findings resulted in a table of derating factors as a function of temperature and capaci- 
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tor size. These data are shown in Fig. 9 and are extracted from data obtained in Proposed 
Joint Army-Navy Specification JAN-C-25 dated January 22, 1945, and published in 
Communications for August 1947. 

These data show that a capacitor in the 0.5 watt-second class and rated for a given 
voltage at 40 deg cent must be voltage-derated to 95 per cent of its 40 deg cent rating at 
85 deg cent or 60 per cent at 105 deg cent. Generally speaking, the life expectancy of a 


Capacitance Rated Watt - Permissible volts 
Mt A-w-S volts sec -Per cent at- 


t 
0.017103 55 C/65 C/75 Cia5C 
85 | 80 | 65 | 45 


0.02 4-203 100 
50.0 
0.05 503 40.0 
30.0 
0.1--104 20.0° 
0.25 | 254 BAY 
85 5 
oh 70} 5 
0.50-7 504 4.0 
3.0 
1.0--105 et o.0) 
2.0-F 205 1.0 
= = 
4.0+-405 0.5 
0.4 
6.04-605 Ae 
8.0-++-805 
10.0+ 106 0.2 
12.0-++126 
15.04-156 
20.0-+ 206 0.10 3 
30.0-F 306 
40.0-7- 406 0.05 
50.0-+ 506 
100+ 107 0.02 


Fig. 9. Ratings of D-c Capacitors 


capacitor without derating is halved for each 10 deg cent rise in temperature. For d-c 
voltage considerations, at a fixed temperature of 40 deg cent, the life expectancy is in- 
versely proportional to the fifth power of the voltage. : : k 

D-c voltage ratings are not fixed values, but for a given insulation thickness they may 
be made variable depending upon the duty cycle and circuit conditions. A capacitor rated 
at 1000 volts d-c at 40 deg cent for continuous duty in a power-supply filter could be used 
in a photoflash circuit at a much higher voltage, such as 2000 volts d-c, and still have 
acceptable performance because of the lighter duty cycle. Life expectancy might increase 
to 100,000 flashes of the photoflash equipment. ; ; , 

This indicates that considerable flexibility may be used in rating capacitors provided 
that all the design requirements, operating conditions, and duty cycle are known. To 
illustrate, a 10-uf capacitor winding using three sheets of 0.0004 kraft tissue and impreg- 
nated in mineral oil would be normally rated at 1000 volts d-c at 40 deg cent continuous 
duty, at 1200 volts for an intermittent duty cycle of about 50 per cent, at 1500 volts inter- 
mittent duty for welder applications, and 2000 volts under a photoflash duty cycle. The 
d-c rating would have to be reduced to 600 volts for long-time (15 years) life expectancy. 

Factors that affect capacitor ratings: 


1. Microfarad value and tolerance. ; 
2. Duty cycle, continuous or intermittent. 
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3. Ambient temperature range. 

4. Ripple voltage, magnitude, and frequency. 

5. Abnormal circuit voltages, such as no load voltage and peak charging voltage. 

6. Discharge current, and nature of discharge, whether oscillatory, and, if so, whether 
critically damped. 

It is well to remember that these factors that govern ratings are based on hermetically 
sealed capacitors which have been carefully dried, impregnated, and sealed. They do not 
apply to other constructions where life is limited by the vagaries introduced by moisture 
absorption. 

METALLIZED PAPER CAPACITORS. The latest addition to the family of impreg- 
nated-paper capacitors is the MP type, in which the capacitor electrodes are deposited 
on the paper dielectric in very thin films, having a thickness range between 25 and 100 
millimicrons. The thin film contributes the property of ‘‘self-healing’”’ to capacitors, per- 
mitting the use of a single sheet of dielectric, which is not possible with conventional im- 
pregnated kraft paper designs. The combination of the extremely thin metallic film elec- 
trode and a single sheet of dielectric affords extremely compact designs for voltage ratings 
below 200 volts d-c or for 150 volts a-c. 

Voltage ratings exceeding 200 volts employ a multiple-layer or interleaved paper di- 
electric of conventional construction. The volume saving is not as great as for the single- 
layer construction but is still considerable. 

A new concept in capacitor rating is involved with MP capacitors, namely sparking 
voltage; this is defined as the lowest applied voltage 
that will cause continuous ‘“‘self-healing’”’ action to 
take place. 

MP capacitors designed so that the maximum 
surge voltage encountered in service at the highest 
operating temperature does not exceed the sparking 
voltage are usable in all kinds of circuits without 
fear of their causing spurious noise. In the event 
of a transient voltage which would cause failure of 
a conventional capacitor type, there will be only a 
momentary arc discharge followed by the self-healing mechanism. 

Insulation Resistance. The minimum insulation resistance of single-layer lacquered 
metallized paper capacitors will exceed 500 megohm microfarads or 2000 megohms at 25 
deg cent. Interleaved unlacquered metallized paper capacitors will have a minimum 
insulation resistance of 1000 megohm microfarads or 6000 megohms at 25 deg cent, which 
compares favorably with conventional capacitor designs. The change in insulation resist- 
ance with temperature in metallized paper capacitors is similar to that of conventional 
mineral oil impregnated kraft paper designs, or there is approximately a 50 per cent de- 
crease in insulation resistance for every 10 deg cent rise above 25 deg cent. 

Commercial Specification References. 


Table 2. D-c Voltage Ratings 


D-c Working 1 Minute | Sparking 
Voltage Flash Test | Voltage 
PAI PES) 25°C 


200 300 400 
400 600 900 
600 900 1350 


Joint Army-Navy Specification JAN-C-25, Capacitors, Direct Current, Paper Dielectric, Fixed 
(Hermetically Sealed in Metallic Cases). 


Joint Army-Navy Specification JAN-C-91, Capacitors, Paper Dielectric, Fixed (Non-magnetic Cases). 
RMA Standards Proposal 159. 


20. MICA CAPACITORS 


Mica capacitors are useful in electronic circuits because of their low a-c losses and their 
high electrical stability over a wide temperature range. These characteristics, along with 
the fact that they are constructed to very close capacitance tolerances, make them ideally 
suited for use in frequency-determining circuits. 

The word ‘“‘mica”’ is derived from the Latin ‘‘micare’”’ meaning to sparkle. It is a group 
name for a number of aluminum silicate minerals which are characterized by the properties 
of high reflection and a basal cleavage so perfect that they may be split in laminae of the 
order of 0.0005 in. thick. 

Of the eight distinct species of mica recognized by mineralogists, muscovite is the most 
important as far as mica capacitor manufacture is concerned. Muscovite is virtually 
unaffected by weathering, is not porous, is not decomposed by acids, and is negligibly 
affected by moisture. It will withstand relatively high voltage gradients. Voltage tests 
made with spherical electrodes show that films 1/1900 in. thick frequently withstand 5000 
volts d-c with no puncture. Muscovite, because of its extremely low power factor, in 
addition to its other desirable properties described previously, is an ideal dielectric for use 
in capacitor manufacture. 

Both micas and foils or silvered electrode patterns must be precision outlined. Micas 
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Al dimensions in inches 


Style 65 


All dimensions in inches 


Style 90 


When spark gapis used 
capacitor will be this shape 


10.32 thread 
All dimensions in inches © 
Style 70 


All dimensions in inches Gu 
Style 95 


Fria. 10. Standard Outline Dimensions 


3-65 


3-66 


are usually cut to within plus or minus 0.001 in. of specified lengths and widths and foils 
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almost as accurately. aoe , 
Sealing binders as well as metal clamps provide permanent positioning of the mica stack. 
This accuracy and permanency provide the sta- 


Table 3. 


the Several Case Types 


Capacitance Range for bility of characteristics with respect to aging, fre- 


quency, and temperature which recommend mica 
capacitors for use in frequency-determining circuits 


Case Type From To or circuits that control reactance and phase and in 
aoe $ F x 
20 5 unt 1,000 put precision measuring equipmen 
oe - ite Table 4. D-c Voltage or Peak Working Voltage 
30 470 10,000 3 
35 3,300 10,000 Ratings for the Several Case Types 
40 100 10,000 
45 17 10,000 Style Voltage Range 
50 2,000 27,000 
55 and 56 22 30,000 20:°25,30; 35 300 and 500 volts 
60 and 61 100 47,000 40 300, 500, 1000 
65 47 100,000 45, 50, 55, 56, 60, 61 | 600, 1200, 2500 
70 47 100,000 65 250, 500, 1000, 1500, 2000, 3000 
75 47 100,000 70 500, 1000, 1500, 2000, 3000, 5000 
80 47 100,000 75 1000, 1500, 2000, 3000, 4000, 
85 47 100,000 6000 
90 100 100,000 80 1500, 2000, 3000, 4000, 5000, 
95 100 10,000 6000, 8000, 10,000 
90 3000, 4000, 5000, 6000, 8000, 
Note: Capacitance values for 1000 puf 10,000, 12,000, 15,000, 20,- 
or less are measured at or referred to 000 
500 ke/see. Capacitance values greater 95 15,000, 20,000, 25,000, 30,000, 
than 1000 psf are measured at or referred 35,000 


to 1000 ke/sec. 
Standard 


Big) Olan 


commercial tolerance for 
molded-case types 20 to 61 is +10 per 
cent and for potted types +5 per cent; 
other tolerances are available as shown in 


Mica dielectric capacitors because of their low 
losses and high Q are useful at high frequencies and 
for high current circuits. 


The mechanical forms of mica dielectric capacitors 
vary from small phenolic molded cases for receiver 
applications to large ceramic insulated housings required by high-current, high-voltage- 
transmitting circuits. 

The mica capacitor is the only one of the many capacitor types that has obtained general 
industry standardization for case styles and electrical ratings. 

Figure 10(a) shows outline dimensions for molded-case types, Styles 20, 25, 30, 35, 40, 
45, 50, 55, 56, 60, and 61; Figs. 10(6) and (c) show outline dimensions for the potted-case 


Table 5. Classification 
Temperature Capacitance 
Designation Coefficient Drift 
Not more than Not more than 
Class JAS. fate cia. +1000 ppm +~(5% + 1 upf) 
Class BS. tc bers + 500 ppm +(3% + 1 puf) 
Class Cp Re sci teae + 200 ppm +(0.5% + 0.5 puf) 
+ 150 
Clase Tp sth aoe LNG, bse Ma +(0.3% + 0.2 wut) 
Class’ Diy a acter + 100 ppm +(0.3% + 0.1 yf) 
+ 100 
Chass Inva.t mainte a. ppm} | #(0:2% + 0.2 wut) 
+ 100 
Class, Eo bois ppm} | £00: 1% + 0.1 maf) 
0 
Cis Go lye { ay ae +(0.1% + 0.1 upf) 


types, Styles 65, 70, 75, 80, 85, 90, 
and 95. 

Capacitance. Capacitance val- 
ues for mica capacitors are ex- 
pressed in micro-microfarads. 


Capacitance 


White 1st and 2nd digits and 


multiplier 


Glass 


Tolerance 


Fie. 11. RMA Capacitor Color Code 


(Proposed) 
Color Marking of Molded Types. 


Note: Characters D, J, E, and G require individual tests of A convenient System of six-color 
each capacitor and should be considered for use only where marking is being used to identify 
extreme stability and accuracy are required. 


molded mica case types. Two 
RMA color codes are in use, one as 


a standard and the other proposed, but industry standardization is expected to 
make the old system, which does not provide for identification of the class designation, 


obsolete. 


Figure 11 shows the arrangement of the two rows of colors, and the significance of each 
color is shown in Table 6. 


‘ 
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Radio-frequency Current Ratings. The potted-case type of mica capacitor is intended 
primarily for use in frequency-determining circuits or those requiring the capacitor to 


Table 6 
Golok Numerical Decimal Capacitance Class 
Significance Multiplier Tolerance Designation 
Black..... 0 i 20% A 
Brown.... 1 10 B 
Red!.geskec 2 100 2% Cc 
Orange 3 1,000 3% D 
Yellow 4 10,000 E 
Green..... 5 5% 
Blue. ...-. 6 
Violet..... 7 
Grayoee: 8 I 
White 9 J! 
Goldsnhies 0.1 
Silver:.... 0.01 10% 


handle appreciable amounts of r-f current. Typical curves illustrating the current. 
carrying capacity for a frequency range of 0.1 to 30 megacycles of mica dielectric 
capacitors housed in potted ceramic cases are shown by Fig. 12. 

It is interesting to note the increasing current 99 
loading with frequency for the 0.0001-uuf ca- 
pacitor in comparison with the decreasing cur- 
rent rating with increasing frequency for ca- 
pacitance values greater than 0.001 uuf, which 
is due to the inductance introduced in the 
series-paralleling of the mica sections which 
constitute the capacitor stack for the larger 
capacitance values. 

The current-carrying capacity of mica dielec- 
tric capacitors can be materially increased by 
immersing the foil-mica stack in silicon oil and 
removing the heat generated by means of 
cooling coils. 

Manufacturers’ published ratings are based 
on an ambient temperature of 40 deg cent, 
and the current ratings must be derated for 
higher ambient temperatures as shown in 
Table 7. 


15 


Current in amperes 


Table 7. Current Deratings with Tem- 18 
perature 16 Hi LL 
Current | 42 Co 
urren 12 
Characteristic Temperature Derating liar ai 
Range antor 10 ee UR 
: HH 
B,C 41 to 50 deg cent 0.95 6 
B, C 51 to 60 0.85 4 
B,C 61 to 70 0.70 2 
D, E, G 40 to 70 0.50 0 
0.1 0.20305 10 2 3 5710.20 
Commercial Specification References. Frequency in megacycles 
Joint Army-Navy Specification JAN-C-5, Capacitors, Fira. 12. Current-carrying Capacity for 10 Deg 
Mica-Dielectric, Fixed. . Cent Temperature Rise (Courtesy of Solar 
RMA Standards Proposal 158A. Mfg. Corp.) 
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Ceramic capacitors are neither new nor the result of any accidental discovery. They 
are the direct result of long research in the early 1900’s when German scientists noted the 
unusual characteristics of titanate ceramic materials. 

Europe has never had a domestic source of mica and was, therefore, faced with a serious 
shortage before World War I. This shortage focused attention and accelerated research 


3-68 RESISTORS, INDUCTORS, CAPACITORS 


into the possibilities of developing a suitable substitute. This problem in ceramic research 
took German scientists many years to solve. In the early 1930’s, a ceramic titanate mate- 
rial was finally developed that was controllable in production quantities and, at the same 
time, would retain stable characteristics. These ceramic dielectric units were quickly used 
in substantial quantities by European radio and electronic industries. 

The ceramic dielectric because of its negative temperature coefficient was used in tem- 
perature-compensating capacitors in oscillator circuits. As more experience was gained 
and the basic characteristics became more clearly understood, other forms of ceramic 
capacitors were used, including higher capacitances, such as by-pass and coupling types 
for transmitting and other high-voltage and high-current capacitors. 

The electronics industry in the United States was slow to recognize the possibilities of 
ceramic capacitors and to utilize the general existing knowledge of European ceramic 
dielectric materials because of the abundant supplies of mica which were readily available. 
A second retarding factor was the general feeling that ceramic dielectrics in the titanate 
group would be far too costly for our mass-production methods. 

Centralab, a division of Globe Union, Inc., in the early 1930’s, initiated a research 
program to investigate the availability of raw materials and the possibility of producing 
ceramic capacitors similar to the European types. Abundant domestic supplies of raw 
materials were located which exhibited characteristics superior to those of the European 
materials. 

The first group of capacitors was offered in capacitance value up to 1000 ywyf and in 
controlled temperature coefficient varying from a positive change of 100 ppm to a negative 
change of 750 ppm. The dielectric constant of these materials varied from 50 in the zero 
temperature coefficient group to a maximum of 95 in the group having a negative tempera- 
ture coefficient of 750 ppm. 

The use of ceramic capacitors was greatly accelerated during World War II because of 
the increased demand for substitutes for mica capacitors, which were in short supply 
owing to a shortage of high-quality mica. 

The fact that ceramic capacitors possess low losses at ultra-high frequencies makes them 
ideally suited for application where other types of dielectrics are not satisfactory. They 
are available in both tubular and disk constructions. The disk constructions employ a 
“feed-through’”’ terminal arrange- 
ment which reduces lead inductance 
to the absolute minimum. 

A typical construction for the tu- 
bular ceramic capacitors is shown in 
Fig. 13. In this construction, the ca- 
pacitance is controlled by the dielec- 


End sealing Margin Silver electrodes 


compound 


eww ER 


A 
Lilli LA aE 


Ree 
MNRAS 


ii 
— 


copper leads 


a ceramic Pha\top ceclaetad tric constant of the ceramic, by the 
dialectric to electrode length, diameter, and wall thickness 
Fra. 13. Construction Detail: Ceramic Capacitor of the ceramic tube, and by the sil- 


vered area of the electrodes. Stabil- 
ity of capacitance with temperature and applied voltage is obtained with the use of low-K 
ceramics in the range of 50 to 500. The dielectric constant may be increased through the use 
of titanates, but this is accompanied by a reduction in capacitance stability and a marked 
increase in voltage coefficient which imposes limitations on the use of the high-K bodies. 


Commercial Specification References. 


Joint Army-Navy Specification JAN-C-20, Capacitors, Ceramic-Dielectric, Fixed (Temperature- 
Compensating). 


RMA Standards Proposal 157, Ceramic Dielectric Capacitors. 


22. ELECTROLYTIC CAPACITORS 


Electrolytic capacitors employ solid dielectric media on which an oxide film, produced 
electrochemically, is the dielectric in the presence of a d-c polarizing voltage and an ionic 
conducting medium. 

Investigations have shown that the oxides of tantalum and aluminum exhibit desirable 
characteristics. Tantalum possesses an oxide with high dielectric constant and low 
leakage, but economic factors have limited its use. Its principal limitations are voltage 
rating and mechanical construction resulting from the use of sulfuric acid as the electrolyte. 
Aluminum is the metal used in all other electrolytic capacitors because of its low price 
and excellent film-forming characteristics. 

An oxide film can be formed on aluminum by electrolytic means by immersing a ribbon 
of aluminum foil in an aqueous solution of boric acid and sodium borate and passing an 
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electric current through the solution with the aluminum forming the positive pole or anode. 
Electrolysis of the solution causes oxygen to be generated at the positive pole, oxidizing 
the surface of the aluminum. The film thickness is a function of the d-c formation voltage. 

The extremely thin oxide film formed on the aluminum anode offers a very high resist- 
ance to further passage of current if the applied voltage is not increased above the film 
formation voltage. A cell of this nature inserted in a container containing an aqueous 
electrolyte takes the form of the so-called wet electrolytic capacitor. The aluminum oxide 
film acts as the dielectric, the electrolyte as the cathode, and the container as the contact 
medium for the cathode. 

The electrolytic capacitor has a very high capacitance per unit volume as compared to 
other types of capacitors, such as the impregnated-paper or mica dielectric types. 

The primary reason why an electrolytic capacitor gives a high capacitance per unit 
volume is the extreme thinness of the dielectric or oxide film. The thickness of the oxide 
film covering the aluminum electrode is approximately 2 X 10~ in., and the dielectric 
constant K of the oxide layer produced is high (approximately 10) as compared with 2.5 
for a mineral oil impregnated paper capacitor. 

There are two types of electrolytic capacitors, depending upon the physical character- 
istics of the electrolytes: the wet type, which uses an aqueous electrolyte; and the dry type, 
which uses a viscous or paste electrolyte. 

ANODE FOIL TREATMENTS. The anode foil employed in electrolytic capacitors 
may assume several forms, depending upon design considerations: 

1. Plain foil, where the oxide film is electrochemically formed on the surface of the 
aluminum foil without any previous treatment of the foil surface. 

2. Etched foil, where the surface of the aluminum foil is first treated chemically or electro- 
chemically to erode the surface, thereby increasing the superficial area prior to the film- 
forming procedures. 

3. Sprayed gauze, where an inert carrier such as chemically pure cotton gauze is mechan- 
ically coated with aluminum by means of metal spraying. 

The etched foil electrode is the most common one in both wet and dry types of electro- 
lytic capacitors, although the sprayed gauze construction is becoming more common in 
the dry electrolytic capacitor types. 

The hydrochloric acid etched anode foil construction is used in place of plain foil because 
it gives effective surface areas much greater than those obtained from plain foil and 
thereby cuts the physical size. 

CATHODE OR COLLECTOR FOIL TREATMENTS. Filming of the cathode foil is 
@ very interesting phenomenon which has been observed in very high gain foils in circuits 
of high ripple currents and which must be care- 
fully considered in the use of electrolytic capaci- [te 
tors. The mechanism that causes cathode film . a Foad 
formation can be explained by the fact that the 
cathode foil under high ripple current conditions é 
is subject to a reversal of ripple current due to the ee 


charging of the capacitor on the conducting part AE 
of the cycle and the discharging of the capacitor Fac. as 

into the load on the non-conducting part of the 

cycle even though the cathode never becomes Ene peakiripplewvoltage 

positive with respect to the anode polarizing Eq-c=charging voltage 

potential, as illustrated by Fig. 14. As can’ Tie Goadteuwent 


be seen from the diagram, on one part of the 
cycle the capacitor is charging and during the Fre. 14. Mechanism of Cathode Formation 
other half-cycle the capacitor is discharging 

through the load. The result is that the cathode becomes anodized to the value of the 
ripple voltage impressed across the capacitor. The value of this potential is a function 
of the power-supply regulation, the capacitor impedance, and the magnitude of the load 
current. When the capacitance of the cathode is reduced by formation, it produces in 
effect a low instead of a high capacitance in series with the anode capacitance and reduces 
the capacitance of the capacitor, depending upon the degree of cathode film formation. 

Etched Cathodes. Most commercial designs employ etched cathode foil for low-voltage 
sections (less than 25 working volts d-c) and for other ratings where ripple current is high. 
Etched cathode foil is used for the following reasons: 

1. An etched cathode foil increases the effective cathode surface area, which reduces 
the ripple current density to such a value that the cathode film does not build up to a 
value exceeding the initial thickness of the cathode film. 

2. The increased cathode surface will afford a much higher cathode capacitance, and, 
the higher the value of the cathode capacitance, the smaller will be the reduction in initial 
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anode capacitance because of the series connection of the cathode and anode capacitance. 
For example, a 100-uf 15 working volt d-c electrolytic capacitor with a plain foil cathode 
has a cathode capacitance of approximately 120 uf, which would cut the total capacity of 
the unit to 54.5 uf. However, if an etched cathode foil was used, the cathode capacitance 
would be approximately 1200 uf, and the resultant total capacitance of the capacitor would 
be 93 uf. 

Table 8 gives the maximum root mean square ripple currents recommended in RMA 
Standards Proposal 160A for various capacitance and voltage ratings. 


Table 8. Maximum rms Ripple Current in Milliamperes at 120 Cycles 


Mice | 15v | 25 v | 50-v|150v| 250 v| 300 v| 350 v 
10 80 | 90 | 145 
20 90 | 160 | 180 | 180 
30 135 | 180 | 200 | 200 
40 190 | 190 | 200 | 200 
50 200 | 200 | 200 | 200 
60 135 | 200 | 200 | 200 | 200 
70 150 | 200 | 200 | 200 | 200 
80 200 | 200 | 200 | 200 | 200 
90 200 | 200 | 200 | 200 | 200 
100 200 | 200 | 200 | 200 | 200 | 200 
200 300 | 300 | 300 | 300 | 300 
300 400 | 400 | 400 
400 500 | 500 
500 500 | 600 | 625 
600 550 | 650 | 700 
700 580 | 700 | 750 
800 625 | 750 | 900 
900 700 850 
1000 700 | 850 
1500 850 | 1000 
2000 | 1000 


It is very important that electrolytic capacitors should not be subjected to ripple cur- 
rents in excess of the values listed in Table 8; otherwise, the capacitors will overheat and. 
the life will be appreciably reduced. 

CHARACTERISTICS OF ELECTROLYTIC CAPACITORS. A knowledge of the basic 


‘ _ characteristics of electrolytic capacitors is essential for 
Table 9. Commercial Capaci- their correct use. These are: 


tance Tolerances Capacitance. The capacitance of a dry electrolytic 


capacitor is determined by the surface area of the anode 
and the dielectric thickness by the formation voltage. 


D-c Working Capacitance 


Voltage Tolerance With etched foil construction, the increase in superficial 
0- 50 —10; +250% | area or gain varies inversely with the formation voltage. 
51-350 —10; +100% | There is a problem of capacitance control with formation 
351-450 — 10; +50% voltage, since for lower voltages capacitance per unit area 


varies considerably. See Table 9. 

Leakage Current. The leakage-current characteristic of a dry electrolytic capacitor 
represents the amount of direct current flowing through the capacitor with its rated polariz- 
ing voltage applied, and does not include the momentary charging current. This leakage 
current is an indication of the quality of the anode film. Commercial specifications for 
permissible leakage current may be determined by the 
formula: Table 10. Leakage-current 

I= KC +03 Constant 


D-c Rated 


where J is the d-c leakage in milliamperes, K is the constant 
Voltage 


as shown in Table 10, and C is the rated capacitance in micro- 
farads. The leakage current is determined after application 
of rated d-c working voltage. 


3 to 100 


v : 101 to 250 0.02 
D-c Working Voltage. The d-c working voltage is the 251 to 350 0.025 
maximum d-c voltage the capacitor will stand under con- 351 to 450 


tinuous operation within its normal temperature range. 
Peak Working Voltage. The peak working voltage represents the d-c voltage plus the 


peak a-c ripple voltage; it refers to a continuous operating condition and should not be 
confused with surge voltage. - 
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Surge Voltage. The surge voltage is a short-time d-c voltage rating that exceeds the 
peak working voltage and approaches the film formation voltage. This voltage is limited 
by the internal heating of the capacitor caused by the rapid increase in leakage current 
as shown by Fig. 17. Usage has established surge-voltage ratings for various d-c working 
voltages which are listed in Table 11 for a 1000-ohm circuit 
regulation resistance. Table 11. Single-voltage 

Power Factor. For all practical purposes, the power factor Ratings. 
of an electrolytic capacitor is the ratio between equivalent 
series resistance and the capacitance reactance at a given 


D-c Rated D-c Surge 


frequency. It is expressed in percentage and indicates the Me ees: 
energy consumed by the capacitor. 3 4 
Equivalent Series Resistance. Equivalent series resistance 10 12 
is a more useful characteristic in mathematical equations re- 15 20 
lating to electrolytic capacitors. The equivalent series resist- 25 40 
ance represents the total losses. r,; = watts/7?, where r, = 50 75 
equivalent series resistance and 7 = leakage current. The 150 185 
i 5 : 4 : 250 300 
total losses in an electrolytic capacitor consist of: (1) dielec- 300 350 
tric loss of oxide film, (2) electrolyte resistance, and (3) con- 350 400 
tact resistance. The combined effect of these losses is ex- 400 450 
pressed as the equivalent series resistance value necessary to 450 500 


produce an 727 loss of the same magnitude. 

A convenient figure of merit for evaluating losses in electrolytic capacitors is the P 
factor, which is expressed as the product of the rated capacitance in microfarads and 
equivalent series resistance in ohms, as measured on a polarized capacitance bridge at a 
frequency of 120 cycles per second. Commercial capacitors have P factors which da not 
exceed the values shown in Table 12 for the several standard d-c voltage ratings. When 
the high- and low-voltage sections are combined into a single capacitor winding, the elec- 
trolyte for the high-voltage section determines the P factor for the low-voltage section and 
raises the P factor over what would be obtained with a low-voltage electrolyte. This makes 
it necessary to double the P factor (Table 12) for the low-voltage section in combination 

with sections having d-c ratings exceeding 150 volts. 
Table 12. P Factors Temperature Effects. Capacitance, series resistance, 


Rated Volt P power factor, and impedance of electrolytic capacitors are all 
Brod Nyon eee somewhat affected by temperature. Figure 15 shows capaci- 
3 3000 tance and power factor vs. temperature for typical commer- 
10 1500 cial electrolytic capacitors when operated over a temperature 
15 1200 range of —20 to 85 deg cent. 
25 500 Aircraft and other special industrial applications require 
50 400 dry electrolytic capacitors which will maintain constancy of 
150 300 characteristics for temperatures as low as —40 deg cent. 
ae 7 Special electrolytes are available which meet these require- 
350 250 ments; see Fig. 16. 


250 Dry electrolytic capacitors are not recommended for use 
250 in ambient temperatures exceeding 85 deg cent because of 
rapid drying out of the electrolyte. 

Leakage current increases with temperature, as shown by curve Fig. 17 for a high-voltage 
filter capacitor and low-voltage by-pass section combined in a single winding. 

Dry electrolytic capacitors intended for operation at ambient temperatures of 85 deg 
cent require the electrolyte to be heat-stabilized to prevent the leakage current. from 
increasing to the point where the capacitor overheats and fails. The dotted curve of Fig. 
18 shows the reduction in leakage current at rated d-c voltage for various temperatures 
in comparison with the leakage current for these same temperatures before heat sta- 
bilizing. 

Early failure of dry electrolytic capacitors in electronic equipment is often due to failure 
to allow for excessive temperature in the electrolytic capacitor specifications. 

R-f Impedance. Multiple-section concentrically wound dry electrolytic capacitors 
employ a common cathode which gives rise to coupling in the cathode circuit because of 
the common current paths as shown by Fig. 19. In circuits where common coupling 
causes circuit unstability, a swedged cathode is employed. This construction effectively 
cuts the common r-f impedance to a negligible value by the extension of the cathode foil 
with the turns swedged together, which, in effect, gives a non-inductive cathode construc- 
tion since each cathode or ground terminal is directly under its corresponding anode ter- 
minal. This construction is similar as far as the cathode is concerned to the non-inductive 
winding shown in Fig. 6 for intpregnated-paper capacitor 
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Gas Pressure. Electrolytic capacitors should be supplied with a liberal space for gas 
expansion. This extra space is to accommodate any sudden generation of gas which may 
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Fig. 15. Capacitance and % Power Factor ne ces of Electrolytic Capacitor (Courtesy Solar 
fg. Corp. 


be liberated as the result of improper uses of the capacitor. In addition, most electrolytics 
are supplied with built-in vents which prevent capacitors from exploding when they are 
improperly used, as being accidentally connected across alternating current. 
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Fig. 16. Variation of Characteristics of Low-temperature Electrolytic Capacitor with Temperature 
(16 pf—350 WV DC—Courtesy of Solar Mfg. Corp.) 
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Polarity. Polarized types of dry electrolytic capacitors are designed for use in d-c or 
intermittent d-c circuits produced by rectifying alternating current. D-c polarized capaci- 
tors should not be subjected to reversed polarity, as the heavy current passing through the 
capacitor under this condition will raise its internal temperature and seriously damage it 
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Fia. 17, D-c Leakage vs Temperature—Dry Electrolytic Capacitors 
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Non-polarized Types. This term applies to dry electrolytic capacitors constructed with 
two formed electrodes so that they function equally well with direct current impressed 
on either electrode irrespective of polarity. This does not mean that they can be used on 
alternating current continuously. Non-polarized capacitors are for applications where 
the d-c voltage supply might become re- 
versed and remain so indefinitely. A non- 
polarized capacitor is equivalent to two 
polarized capacitors connected in series 
opposition. 

A-c Motor-starting Capacitors. Non- 
polarized dry electrolytic capacitors may 
be used for intermittent duty in a-c cir- 
cuits such as for motor starting, and they 
are known as motor-starting capacitors. 
They are ideal for intermittent duty when 
used within the manufacturers’ limits for 20 30 40 50 60 70 80 90 100 


operating voltage, temperature, and duty Tom peratiie i coutaes Seuleregs 
cycle. Fie. 18. Effect of Heat Stabilization of Electrolyte 


2 : : 30 ui—450 WV DC— lar Mfg. F 
Since the duty cycle is based on internal (30m i C—Courtesy of Solar Mfg. Corp.) 


heating of the capacitor, it is possible to vary the number of application periods of voltage 

with the period of duration of voltage so that the product is a constant. The manu- 
facturers’ guarantee is usually twenty 0.5-sec starts per hour. 

The normal maximum operating temperature of these capacitors is 65 deg cent. They 

may be successfully operated up to 85 deg cent provided that the duty cycle and maximum 

voltage conditions are adjusted ac- 

cordingly. However, it must be noted 

c e © that operating at higher than normal 


Start of _, ¢ : nam —(5) temperatures decreases the life consid- 
sensing SS Coupiing'path =) erably as it dries out the electrolyte at 
em - an accelerated rate. Operation of ca- 
pacitors at low temperatures cannot 


@ Anode tab or riser harm capacitors because any change 
in characteristics is only temporary at 
@ Cathode tab subzero temperatures. The increase 
© Anode foils, three in power factor represents an increased 
@) Contact foil or misscalled cathode foil resistance loss when the capacitor is in 
operation, and this creates sufficient 
heat to warm up the capacitor and 
quickly return it to normal operating 
conditions. 
Commercial Specification Reference. Where more specific information and data are 
required for testing methods and procedures and for specific capacitor ratings, the following 
are suggested: 


Joint Army-Navy Specification JAN-C-62, Capacitors, Dry Electrolytic, Polarized. 
RMA Standards Proposal 160, Polarized Dry Electrolytic Capacitors. 


(6) Cathode, electrolyte-impregnated paper 


Fie. 19. Schematic Diagram of Three Section Dry 
Electrolytic Capacitor Winding P 
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ELECTRON TUBES 


THERMIONIC VACUUM TUBES 


By A. P. Kauzmann 


As dealt with in articles 1-6, vacuum tubes in operation are characterized by a source 
of electron emission; the conduction through a vacuous space, which may or may not 
contain sufficient gas to affect the conduction, of a current between the source of emission 
and one or more other electrodes by means of the emitted electrons; and the varying 
of this current by means of variations in electrode potential to produce an electrical 
response in an associated circuit. Thus, phototubes and cathode-ray tubes, though strictly 
vacuum tubes, are excluded (see Section 15). Grid-controlled gas-discharge tubes (see 
articles 13-21) and mercury-pool-type rectifiers (see article 21) are treated later in the 
section because their special properties and applications require special treatment. 


1. PRINCIPLES OF OPERATION 


HIGH-VACUUM TUBES. The simplest form of high-vacuum tube is the diode, con- 
sisting of a thermionic cathode and an anode. The cathode is heated to a temperature, de- 
pending on its nature, at which electrons are emitted from its surface into the surround- 
ing vacuous space. When the anode is placed at a potential positive with respect to the 
eathode some of these emitted electrons are caused to flow to the anode under the in- 
fluence of the electrostatic field, thus constituting a current flowing from cathode to. 
anode in the external circuit, since the electrons are negatively charged. Those electrons. 
which are not drawn to the anode return to the cathode. 

Because of the mutual repulsion between the like charges of the electrons, only a def- 
inite number of them may be accommodated in the space between cathode and anode 
at any given anode potential, and therefore the current flowing is definitely limited. 
This limiting effect is called space charge, and the current is said to be space-charge limited. 
As the anode potential is increased the current increases until the total emission of the 
cathode is drawn to the anode, beyond which point the current is said to be temperature 
limited. 

The relation between current and potential under conditions of space-charge limitation 
may be represented approximately by the equation 


% 


where K; is a constant depending on the physical dimensions of the tube. 

Since the electron flow to the anode depends on the electrostatic field in the neighber- 
hood of the cathode, the current may be controlled in part by the potential of another 
electrode in a position to influence this field. In the simple triode this additional electrode 
consists of a grid-like structure placed between cathode and anode. Because of its prox- 
imity to the cathode, the grid has more control of the field near the cathode than the 
anode has, but because of its open structure most of the electrons pass through to the 
anode. When the grid is operated at a negative potential with respect to the cathode, 
none of the electrons are taken by the grid. 

The relation between anode current and grid and anode potentials is usually repre- 
sented by the equation 


t = Kiep 


ty = Koen + pec)” (1) 
where K» is a constant depending primarily on the cathode and grid dimensions, pu is the 
amplification factor of the tube (determined by the grid structure and grid-anode spacing), 
and 7 is usually between 1.5 and 2.5. 

Other electrodes, usually grids, may be added to the structure, but the fundamental 
principles involved remain the same. For applications of high-vacuum tubes see Sections 
7, 16, 17, 19, 20, and 21. 

GAS-FILLED TUBES. In a gas-filled diode, the space contains sufficient gas at a low 
pressure to cause an appreciable fraction of the electrons passing between cathode and 
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anode to collide with the gas molecules and thereby ionize them. The dislodged electrons 
pass on to the anode as additional anode current, while the positively charged ions are 
drawn to the cathode, but at a much lower velocity, owing to their greater mass, than 
the electrons possess. Because of this low velocity a given positive-ion current produces 
a much higher space-charge density than the same electron current. Therefore, the net 
space-charge density produced by the two currents (the algebraic sum of the positive 
and negative space charges) may approach zero, though the electron current is by far 
the larger. 

Since the limitation of current in a high-vacuum diode is due to the negative space 
charge and this space charge is reduced by the positive ions, it follows that the presence 
of the gas increases the current which may flow at a given anode potential. Under normal 
conditions, the discharge is unstable at potentials much in excess of the ionizing potential 
of the gas, the current increasing until limited by the cathode emission. For this reason, 
the current is usually limited by an external resistance in series with the anode. 

The relation between applied voltage and current may be expressed by the equation 

eon — Ey 


= ie era (2) 


where L; is the practically constant ‘‘anode drop’’ of the tube and 7 is the load resistance. 


2. CLASSIFICATIONS 


Vacuum tubes in general are classified according to many different structural and 
electrical characteristics. 

Cathodes are directly heated if the actual emitter is also the resistance element which 
supplies the heat, and indirectly heated if the heat is supplied by conduction or radiation 
from a resistance element. The directly heated cathode is more efficient than the indirectly 
heated, but for many applications may not be heated by alternating current. The 
cathode material may be tungsten, thoriated tungsten, or oxide-coated metal. Tungsten is 
the least efficient and is generally used only in high-voltage tubes. TYhoriated tungsten 
is much more efficient than tungsten and is used in many medium-voltage tubes (500 
to 2000 volts anode potential) and some low-voltage tubes; at high voltages the emission 
life may be short. Neither of these materials is used for indirectly heated cathodes 
Oxide-coated cathodes are the most efficient but (except in gas-filled tubes) are com- 
monly used only in low-voltage tubes because of troubles from grid emission. 

Anodes are radiation cooled, or atr cooled, if no other cooling means is provided, or water 
cooled if provided with means for circulating water about or through the anode. Only 
high-voltage high-power (more than 6000 volts, 2500 watts rating) tubes are water cooled, 
except for special high-frequency tubes. 

Rectifiers are high vacuum or gas filled. For high-power high-voltage applications, gas- 
filled tubes are usual, though high-vacuum tubes are used above 20,000 volts. For radio 
receivers both are used, gas-filled tubes predominating in other low-voltage applications. 

Triodes are classified according to voltage and power rating, amplification factor, and 
special features such as designs for high-frequency oscillators, freedom from mechanical 
disturbance, etc. There are so many triodes of varying characteristics that almost any 
requirement can be met. 

Multigrid tubes have been developed largely for specialized radio purposes, but the 
screen-grid tubes, including suppressor-grid pentodes, have wide application. In the screen- 
grid tube, the grid is screened or shielded from the anode, thus greatly reducing the feed- 
back capacitance between plate and grid. For high-frequency voltage amplification, 
these tubes are used almost exclusively. 


3. DEFINITIONS 


Vacuum Tube. (Electron Tube.) A vacuum tube is a device consisting of an evacuated 
enclosure containing a number of electrodes between two or more of which conduction of 
electricity through the vacuum or contained gas may take place. 


Nore: The term is used in a more restricted sense to mean a device of this nature designed for 
such use as amplifier, rectifier, modulator, or oscillator. 


Gas Tube. A gas tube is a vacuum tube in which the pressure of the contained gas or 
vapor is such as to affect substantially the electrical characteristics of the tube. 
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Mercury-vapor Tube. A mercury-vapor tube is a gas tube in which the active con- 
tained gas is mercury vapor. 

High-vacuum Tube. A high-vacuum tube is a vacuum tube evacuated to such a degree 
that its electrical characteristics are essentially unaffected by gaseous ionization. 

Thermionic Tube. A thermionic tube is a vacuum tube in which one of the electrodes 
is heated for the purpose of causing electron or ion emission. 

Phototube. (Photoelectric Tube.) A phototube is a vacuum tube in which one of the 
electrodes is irradiated for the purpose of causing electron emission 

Cathode-ray Tube. A cathode-ray tube is a vacuum tube in which the electron stream 
is directed along a confined path to produce non-electrical effects on the object upon 
which the electrons impinge. 


Nore: This classification includes cathode-ray oscillograph tubes, similar devices for television 
reception, electron microscopes, etc. 


Cathode-ray Oscillograph Tube. A cathode-ray oscillograph tube is a cathode-ray 
tube in which the movement of an electron beam, deflected by means of applied electric 
and/or magnetic fields, indicates the instantaneous values of the actuating voltages and/or 
currents. 

Diode. A diode is a two-electrode vacuum tube containing an anode and a cathode. 

Triode. A triode is a three-electrode vacuum tube containing an anode, a cathode, and 
a control electrode. 

Tetrode. A tetrode is a four-electrode vacuum tube containing an anode, a cathode, a 
control electrode, and one additional electrode ordinarily in the nature of a grid. 

Pentode. A pentode is a five-electrode vacuum tube containing an anode, a cathode, 
a control electrode, and two additional electrodes ordinarily in the nature of grids. 

Hexode. A hexode is a six-electrode vacuum tube containing an anode, a cathode, a 
control electrode, and three additional electrodes ordinarily in the nature of grids. 

Heptode. A heptode is a seven-electrode vacuum tube containing an anode, a cathode, 
a control electrode, and four additional electrodes ordinarily in the nature of grids. 

Octode. An octode is an eight-electrode vacuum tube containing an anode, a cathode, 
a control electrode, and five additional electrodes ordinarily in the nature of grids. 

Multiple-unit Tube. A multiple-unit tube is a vacuum tube containing within one 
envelope two or more groups of electrodes associated with independent electron streams. 


Note: A multiple-unit tube may be so indicated, as, for example; duodiode, duotriode, diode-pentode, 
duodiode-triode, duodiode-pentode, and triode-pentode. 


Cathode. A cathode is an electrode which is the primary source of an electron stream. 

Filament. A filament is a cathode of a thermionic tube, usually in the form of a wire or 
ribbon, to which heat may be supplied by passing current through it. 

Indirectly Heated Cathode. (Equipotential Cathode, Unipotential Cathode.) An in- 
directly heated cathode is a cathode of a thermionic tube to which heat may be supplied 
by an independent heater element. 

Heater. A heater is an electric heating element for supplying heat to an indirectly 
heated cathode. 

Control Electrode. A control electrode is an electrode on which a voltage is impressed 
to vary the current flowing between two or more other electrodes. 

Grid. A grid is an electrode having one or more openings through which electrons or 
ions may pass. 

Space-charge Grid. A space-charge grid is a grid which is placed adjacent to the cath- 
ode and positively biased so as to reduce the limiting effect of space charge on the current 
through the tube. 

Control Grid. A control grid is a grid, ordinarily placed between the cathode and the 
anode, for use as a control electrode. 

Screen Grid. A screen grid is a grid placed between a control grid and an anode, and 
usually maintained at a fixed positive potential, for the purpose of reducing the electro- 
static influence of the anode in the space between the screen grid and the cathode. 

Suppressor Grid. A suppressor grid is a grid which is interposed between two electrodes 
(usually the screen grid and plate), both positive with respect to the cathode, in order to 
prevent the passing of secondary electrons from one to the other. 

Anode. An anode is an electrode to which a principal electron stream flows. 

Plate. Plate is a common name for the principal anode in a vacuum tube. 

Electron Emission. Electron emission is the liberation of electrons from an electrode 


into the surrounding space. Quantitatively, it is the rate at which electrons are emitted 
from an electrode. 
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Thermionic Emission. Thermionic emission is electron or ion emission due directly to 
the temperature of the emitter. 

Secondary Emission. Secondary emission is electron emission due directly to the im- 
pact of electrons or ions. 

Grid Emission. Grid emission is electron or ion emission from a grid. 

Emission Characteristic. An emission characteristic is a relation, usually shown by a 
graph, between the emission and a factor controlling the emission (as temperature, voltage, 
or current of the filament or heater). 

Cathode Current. Cathode current is the total current passing to or from the cathode 
through the vacuous space. 


Nore: This term should be carefully distinguished from heater current and filament current. 


Filament Current. Filament current is the current supplied to a filament to heat it. 
Filament Voltage. Filament voltage is the voltage between the terminals of a filament. 
Heater Current. Heater current is the current flowing through a heater. 

Heater Voltage. Heater voltage is the voltage between the terminals of a heater. 

Grid Current. Grid current is the current passing from or to a grid through the vacuous 
space. 

Grid Voltage. Grid voltage is the voltage between a grid and a specified point of the 
cathode. 

Grid Bias. Grid bias is the direct component of grid voltage. 

Grid Driving Power. Grid driving power is the integral of the product of the instan- 
taneous values of the alternating components of the grid current and voltage over a com- 
plete cycle. 

Anode Current. (Plate Current.) Anode current is the current passing to or from an 
anode through the vacuous space. 

Anode Voltage. (Plate Voltage.) Anode voltage is the voltage between an anode and 
a specified point of the cathode. 

Peak (or Crest) Forward Anode Voltage. Peak (or crest) forward anode voltage is the 
maximum instantaneous anode voltage in the direction in which the tube is designed to 
pass current. 

Peak (or Crest) Inverse Anode Voltage. The peak (or crest) inverse anode voltage is 
the maximum instantaneous anode voltage in the direction opposite to that in which the 
tube is designed to pass current. 

Tube Voltage Drop. Tube voltage drop in a gas- or vapor-filled tube is the anode volt- 
age during the conducting period. 

Anode Dissipation. Anode dissipation is the power dissipated in the form of heat by an 
anode as a result of electron and/or ion bombardment. 

Gas Current. A gas current is a current flowing to an electrode and composed of pos- 
itive ions which have been produced as a result of gas ionization by an electron current 
flowing between other electrodes. 

Leakage Current. A leakage current is a current which flows between two or more 
electrodes by any other path than across the vacuous space. 

Electrode Conductance. (Variational.) Electrode conductance is the ratio of the in- 
phase component of the electrode alternating current to the electrode alternating voltage, 
all other electrode voltages being maintained constant. 


Norz: As most precisely used, the term refers to infinitesimal amplitudes. 


Electrode Resistance. (Variational.) Electrode resistance is the reciprocal of the 
electrode conductance. ; 

Electrode Admittance. Electrode admittance is the ratio of the alternating component 
of the electrode current to the alternating component of the electrode voltage, all other 
electrode voltages being maintained constant. 


Nors: As most precisely used, the term refers to infinitesimal amplitudes. 


Electrode Impedance. Electrode impedanceis the reciprocal of the electrode admittance. 

Transadmittance. Transadmittance between two electrodes is the ratio of the alter- 
nating component of the current of one electrode to the alternating component of the 
voltage of the other electrode, all other electrode voltages being maintained constant. 


Nore: As most precisely used, the term refers to infinitesimal amplitudes. 


Transconductance. Transconductance between two electrodes is the ratio of the in- 
phase component of the alternating current of one electrode to the alternating voltage of 
the other electrode, all other electrode voltages being maintained constant. 


Nors: As most precisely used, the term refers to infinitesimal amplitudes. 
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Control-grid—Plate Transconductance. (Transconductance, Mutual Conductance.) 
Control-grid—plate transconductance is the name for the plate-current to control-grid 
voltage transconductance. 

Conversion Transconductance. Conversion transconductance is the ratio of the magni- 
tude of a single beat-frequency component (fi + fr) or (fi — fo), of the output electrode 
current to the magnitude of the control electrode voltage of frequency /; under the 
conditions that all direct electrode voltages and the magnitude of the electrode alternat- 
ing voltage fo remain constant. 


Nore: As most precisely used, the term refers to an infinitesimal magnitude of the voltage of fre- 
quency fi. 


Mu Factor. The mu factor is the ratio of the change in one electrode voltage to the 
change in another electrode voltage, under the conditions that a specified current remains 
unchanged and that all other electrode voltages are maintained constant. It is a measure 
of the relative effect of the voltages of two electrodes on the current in the circuit of any 
specified electrode. 


Norsz: As most precisely used, the term refers to infinitesimal changes. 


Amplification Factor. The amplification factor is the ratio of the change in plate volt- 
age to a change in control-electrode voltage, under the conditions that the plate current 
remains unchanged and that all other electrode voltages are maintained constant. It isa 
measure of the effectiveness of the control-electrode voltage relative to that of the plate 
voltage on the plate current. The sense is usually taken as positive when the voltages are 
changed in opposite directions. 


Norse: As most precisely used, the term refers to infinitesimal changes. See also Mu Factor. 


Electrode Characteristic. An electrode characteristic is a relation, usually shown by a 
graph, between an electrode voltage and current, other electrode voltages being maintained 
constant. 

Transfer Characteristic. A transfer characteristic is a relation, usually shown by a 
graph, between one electrode voltage and another electrode current. 

Interelectrode Capacitance. Interelectrode capacitance is the direct capacitance be- 
tween two electrodes. 

Electrode Capacitance. Electrode capacitance is the capacitance of one electrode to all 
other electrodes connected together. 

Input Capacitance. The input capacitance of a vacuum tube is the sum of the direct 
capacitances between the control grid and cathode and such other electrodes as are oper- 
ated at the alternating potential of the cathode. 

Output Capacitance. The output capacitance of a vacuum tube is the sum of the 
direct capacitances between the output 
electrode (usually the plate) and the 

aie cathode and such other electrodes as are 
Characterisffo operated at the alternating potential of 

the cathode. 

QUIESCENT POINT AND OPERAT- 
ING RANGE. The quiescent point is the 
Load (Resistance) point on the plate characteristic that 
Charactesistic represents operating conditions with no 
signal applied to the grid. With a load in 
the plate circuit, it may be determined as 
follows. For a load resistance of r ohms 
_ the slope of the load characteristic line is 
Oo Ex jelllie Ep, 1/r = —AI/AE, drawn from the point 
Plate Voltage Ew (Fig. 1) corresponding to the plate 
Fig. 1. Tube and Load Characteristics supply voltage. The intersection y of 
the two characteristic curves is the quies- 

cent operating point, giving a plate voltage of H,, and a plate current of I,. 

The plate supply voltage HE», is divided into the voltage drop across the tube, E%o, 
and the voltage drop across the load, Hy, — Epo. 

When the plate supply voltage is varied over the range 1 to 2, the load resistance line 
will shift parallel to the position shown and over the operating range 1 to 2. The inter- 
sections of the load line with the tube characteristic determine the corresponding variation 
in Ey. and Io. 

When the plate supply voltage is constant but the tube characteristic is changed, 
for example by changing the grid voltage, the intersection of the characteristics for the 
changed values of grid voltage with the load line determines the change in Is. and Eo 


Plate Current 
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In Fig. 1 a voltage in the grid circuit changes the characteristic curve so that it intersects 
the load line at. points 3 or 4. The projections of these points on the two axes show the 
change in Ip, and Epo. 

The tube characteristic, unlike the load characteristic, cannot be shifted parallel to 
the initial position to represent other operating conditions, since it usually changes shape. 
The tube characteristics should be known for a few voltages throughout the range of 
operation. Intermediate values may be interpolated. 

A-C EQUIVALENT CIRCUIT. In the circuit of Fig. 2 the a-c voltage H, in the grid 
circuit produces an a-c plate current J, and an a-c plate voltage Hy. For small a-c voltages 
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Fia. 2. Triode with Resistance Load Fic. 3. Equivalent A-c Circuit 
of Tube with Resistance Load 


the tube is equivalent to a generator with an internally generated voltage wE, and in- 
ternal resistance rp. Figure 3 is the a-c equivalent of the circuit in Fig. 2. 
From Fig. 3 the a-c plate current is 


os bE, 
Wieser @) 
The a-c plate voltage is 
rn 
= Jf 
E» pT HE, phe (4) 
The voltage amplification is 
fe I A 
a Eg @ eae 2) 
The power output of the tube is 
a ay (wH,)*r 
12 Geter! (6) 


Figure 4 illustrates an a-c equivalent of the circuit of Fig. 2 in which the tube is repre- 
sented as a generator of constant current I = gm Eg. 
The a-c plate voltage is 


Ey = I—— = (GmEg) ; (7) 


The a-c plate current is 


pl Tp 
1p = 72 = onl (= -) 6) 


The constant-current form of representation is convenient for calculation when the 
load consists of a number of parallel elements or when the plate resistance of the tube is 
high and r,/(rp + r) approaches unity. 
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Fic. 4. Equivalent A-c Circuit Fie. 5. Equivalent Circuit of Triode 
of Tube with Resistance Load. 


When the tube is amplifying a-c voltages at frequencies at which the capacitances of 
tube electrodes, socket, and wiring are not negligible the equivalent a-c circuit is as shown 
in Fig. 5. 

The capacitances marked Cgp, Cex, Cpe represent the grid-plate, grid-cathode, and 
plate-cathode capacitances (see Section 5, Article 25). Any socket and wiring capacitances 
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can be added in parallel. In screen-grid and other multielectrode tubes where the addi- 
tional electrodes are grounded the circuit reduces to an equivalent-triode network similar to 
Fig. 3. 

BALLAST TUBES AND VOLTAGE REGULATORS. A ballast tube is used as a series 
resistance to limit the load current. It is designed for a definite current and voltage drop. 
Over the useful portion of its characteristic a large change in voltage accompanies a 
small change in current. As a result of this characteristic a large part of any line-voltage 
change is absorbed by the ballast tube and a relatively small change occurs at the load. 

In reading data for the characteristic curves, it may be necessary to allow a few minutes 
after each change in voltage for the tube to reach its temperature equilibrium condition. 

The performance may be determined graphically by a method similar to that described 
for determining the quiescent operating point by plotting the line for a resistance load 
with the experimentally determined current-voltage characteristic of the ballast tube. 

A voltage-regulator tube is operated in parallel with the load. Its characteristic shows 
a large change in current for a small change in voltage near the operating point. When 
connected in parallel with the load with a suitable resistance effective in the supply voltage 
source any change in the supply voltage will cause a change in the current in the voltage- 
regulator tube such that the voltage across the regulator tube and load remains practically 
constant. 

The voltage-regulator tube is designed for a definite voltage and is operated between 
specified minimum and maximum current limits. A certain starting voltage somewhat 
higher than the operating voltage is required. 

The operating characteristics are most conveniently obtained in a normal operating 
circuit. 


4. METHODS OF MEASURING TUBE CURRENTS AND PARAMETERS 


The characteristic relations between the direct voltages and currents of the electrodes 
of a tube may be obtained in a static-characteristic measuring circuit arranged as in Fig. 6. 
The voltages applied to the 
different electrodes as illus- 
trated are measured from a 
unipotential cathode. If the 
tube hasa filamentary cathode 
it is understood that, when 
operating with direct-current 
filament supply such as when 
measuring static character- 
istics, the electrode voltages 
are measured from the neg- 
ative filament terminal. 
With alternating-current op- 
eration of a filamentary 
Fie. 6. Circuit for Measuring Static Characteristics cathode, the center of the 


filament is used as the da- 
tum of potential and the electrode voltages are corrected for one-half of the filament 


voltage. Ordinarily only the control-grid bias voltage is made more negative by approxi- 
mately one-half of the peak alternating voltage on the filament. 

FILAMENT OR HEATER CHARACTERISTIC. The filament or heater current is 
obtained for several values of filament or heater voltage ranging from values producing 
temperatures too low to give appreciable electron emission to values producing the maxi- 
mum safe operating temperature. The other electrodes should be at zero voltage. 

The curves are plotted with filament or heater voltage as abscissas and filament or 
heater current and power as ordinates. 

CATHODE HEATING TIME. The cathode heating time is defined for purposes of 
measurement as the interval from the time of application of filament or heater voltage 
to the time at which the rate of increase of plate current is a maximum. 

If the primary winding of a transformer is connected in the plate circuit and a meter 
is connected to the secondary winding, then the instant at which the rate of increase of 
plate current is a maximum is indicated by a maximum reading on the meter. 

The voltage at the terminals of the filament or heater should remain constant at the 
rated or specified value. 

Because of the very slow rate of change of plate current in the usual tube, the charac- 
teristics of the transformer or meter do not greatly influence the result. A step-down 
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transformer and a current meter which is sufficiently damped though not too sluggish 
are suitable. 

EMISSION CHARACTERISTIC. The emission characteristic shows the emission cur- 
rent plotted as a function of the cathode heating power. 

The readings are obtained with all electrodes, except the cathode, connected together 
as the anode and with sufficient positive voltage applied to the electrodes to draw the 
entire emission current from the cathode. Since the emission current at normal filament 
power may be so great as to damage the tube, readings are taken at lower filament powers 
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Fie. 7. Emission Characteristic 


only, and normal emission current is obtained by extrapolation. A suitable procedure is 
as follows, the values applying to ordinary receiving tubes. Readings of cathode heating 
power are taken with emission currents of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 ma, with 45 volts 
positive applied to the anode. The results are plotted in Davisson coordinates (see Fig. %, 
which are a special system of curvilinear coordinates. If the emission follows Richardson s 
temperature law and the cathode cooling follows the Stefan-Boltzmann law of radiation, the 
characteristic will be a straight line when plotted in these coordinates. The observed 
points may be extended or extrapolated to obtain the emission at normal filament power. 

The emission characteristic for a type-80 tube plotted according to the above procedure 
is shown in Fig. 7. s ; : ba 

If the curve of the experimental data plotted in Davisson coordinates is not a straight 
line this may be due to one or more of the following conditions: 

1. Departure from the Stefan-Boltzmann cooling (bends downward). 

2. Anode voltage too low to draw off all the electrons (bends downward). 
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3. Effect of cooling due to heat of evaporation of electrons (bends downward). The 
cooling due to electron evaporation amounts to approximately J, watts, where J, repre- 
sents the emission current in amperes and ¢ represents the work function of the cathode 
in volts. This effect may be considerable in transmitting tubes where the currents are 
high and in tungsten-filament tubes where the work function is large. 

4. Poor vacuum (gas ionization effects) (bends upward). 

5. Heating of the anode by the emission current (bends upward). 

6. Progressive change in activity of the cathode. 

Reliable analytical data cannot be obtained by this method when these extraneous 
effects are appreciable. 

ELECTRON EMISSION. Normal electron emission is determined with the filament 
voltage adjusted to the normal rated value. 

All electrodes in the tube, except the cathode and heater, are connected together, and 
a sufficiently positive voltage with respect to the cathode is applied to them to obtain 
practically the full electron emission. 

For power-type tubes this test is not advisable on account of possible damage to the 
tube. The method of extrapolation described under Emission Characteristic should be 
used. 

For recewing-type tubes a check on the emissive condition of the cathode can usually 
be made safely if the time of application of the voltage is not permitted to exceed that 
required for rapid reading of the emission current meter. An anode voltage of about 45 
volts is used. 

Since this test usually results in the liberation of gas and abnormal heating of the 
electrodes, it should be postponed until after the completion of other tests, or a sufficient 
time should elapse between this and other tests for clean-up and return to normal tempera- 
ture conditions. 

For tubes with extremely low cathode heating power, such as the oxide-coated low-filament- 
current types 1R5, 184, 1T4, etc., this test is neither reliable nor safe for the tube. In 
checking the emission of tubes of this type a low filament voltage is applied and gradually 
increased until a specified emission (less than normal for the particular type of tube, 
usually 3 to 5 ma) is obtained. The filament voltage required to obtain the specified 
emission is an indirect measure of the cathode or filament activity. This is an arbitrary 
method suitable for comparing tubes of the same type. 

In general a safe method for reading emission under all different conditions consists in 
using a rotating contactor to apply the voltage for only a small fraction of the time. An 
oscillograph is used to read the emission current which flows during the small interval 
of time that the voltage is applied. 

GRID CHARACTERISTIC. A grid characteristic curve shows the current in a grid 
electrode as a function of the voltage on this electrode. The voltage on all the remaining 
electrodes is held constant. A family of curves is obtained by using a different value of 
voltage on one of the remaining electrodes for each curve. 

The grid characteristic used most frequently is that of the control grid with the plate 
voltage as the parameter for the several curves. 

In reading data for the curves the current should not be allowed to flow long enough to 
cause abnormal heating of the grid. The readings should be taken near enough together to 
show any irregularities due to secondary emission or gas. 

IONIZATION, LEAKAGE, AND STRAY EMISSION CURRENTS. In vacuum tubes 
the normally small currents due to ionization, leakage, and electron emission from electrodes 
other than the cathode, although usually negligible in the plate and other current-carrying 
electrodes, may have an appreciable effect in the control-grid circuit of the tube. 

The total current flowing to the negatively biased control grid may be divided into com- 
ponents as follows: 

1. Electrons from the cathode which reach the grid by virtue of contact potential and 
initial velocities. 

2. Electrons from other electrodes to the control grid. 

3. Ionization current. 

4. Leakage current. 

5. Electron emission from the control grid. 

Figure 8 illustrates the contributions of the various sources enumerated with the excep- 
tion of 2, which is generally negligible. 

The several components may be separated and measured by the following methods. 

The leakage current is measured with a direct voltage applied between any two elec- 
trodes and without any connections on the other electrodes. The tube should be operated 
with normal voltages and currents until all parts have reached full operating temperature. 
The filament voltage is then disconnected and the leakage currents read while the insulation 
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is at normal operating temperature. The tube should be complete with its base but 
without socket or holder. The test voltage should be specified. Normal maximum op- 
erating voltage is preferable. 

If any of the electrodes remain hot enough to emit electrons an error will be introduced 
into the leakage readings. 

The grid emission can be measured by noting the current at a bias sufficiently negative 
(point A in the figure) to stop the plate current, since at this point (A) the ionization 
current (3), being proportional to the plate cur- 
rent, is negligible. +I, 

The grid emission is found by subtracting the 
leakage current from the grid current at the point 
A. If the leakage current is negligible the test 
gives the grid emission directly. 

A direct measurement of grid emission can be / 
made (when leakage current is negligible) by / 
connecting the test voltage between the grid and i 
plate without any connection to the cathode. ] 
The positive voltage on the plate draws the elec- l 
trons emitted by the grid. The cathode should 1, 
be at its normal operating temperature. The 
tube should be operated with normal operating 
voltages for a time preceding this test, and then 
quickly switched to the emission test circuit and 
grid emission noted while the electrodes are still 
approximately at their normal temperatures. 

The ionization current (3) is the difference be- 
tween the total grid current and the sum of the 
leakage (4) and emission (5) currents in the range 
of grid bias over which this difference is propor- 
tional to the plate current. Departure from this 
proportionality indicates the start of electron 
current (1) to the grid. 

PLATE CHARACTERISTIC. The plate char- 
acteristic gives the plate current as a function of Fie. 8° ‘Stray Election Currents 
the plate voltage, the voltages on the other elec- 
trodes being held constant. A family of curves may be obtained by using a series of volt- 
ages on one of the other electrodes. A series of control-grid voltages is ordinarily used 
for the different curves. For examples see Figs. 21, 24, and 27. 

The data for the curves are read in the static characteristic test circuit. For the range 
of currents and voltages beyond the normal average values, it is sometimes necessary to 
employ a method which is rapid enough to avoid heating of the electrodes. When a well- 
regulated voltage source is available the voltages may be set to the desired values and a 
switch closed only long enough for rapidly reading the current on a suitably damped meter. 

GRID-PLATE CHARACTERISTIC. The grid-plate characteristic or transfer character- 
istic gives the plate current vs. grid voltage for the condition of constant voltage on the 
remaining electrodes. Such a transfer characteristic may be taken for any of the grids 
of a multigrid tube. The curves generally used show the control-grid voltage as abscissa 
and plate current as ordinate, several curves being plotted each for a different plate voltage. 
See for examples Figs. 22, 25, and 29. 

The data for the curves are obtained in the static-characteristic test circuit, the same 
precautions being observed as in reading data for plate characteristics. 

CONDUCTANCE. The conductance of an electrode may be obtained from the char- 
acteristic curve showing the electrode current vs. the electrode voltage. The slope of 
this curve at any point gives the electrode conductance at the voltages represented by 
the point. The accuracy of the measurement as determined in this way from the static 
characteristics may be made as good as desired by reading small current and voltage incre- 
ments with sufficient accuracy. a rye 

The electrode resistance is the reciprocal of the conductance: For example, the plate 
resistance is the reciprocal of the plate conductance, the grid resistance is the reciprocal 
of the grid conductance, etc. ; 

When many readings are to. be made, a method of direct measurement is most convenient. 
One means might be to read the alternating current produced by a small alternating 
voltage in the circuit. In general a Wheatstone bridge circuit is preferred as shown in Fig. 9, 

In this circuit a small alternating voltage (about 0.5 volt, 1000 cps) is applied to ter- 
minals 1-8 of the bridge. The electrodes being measured are connected to terminals 1-2, 


Total 
Current 


4-12 ELECTRON TUBES 


and the bridge is balanced with rz for minimum sound in the telephone receivers. The con- 
ductance of the electrode j is given by 


Sikes a (9) 


T1T3 


If the receivers are preceded by an amplifier the alternating input voltage may be kept 
small enough so that the measurements are independent of the magnitude of this voltage. 


D.C. 
Voltages 
Adjusted 
to Test 
Conditions 


Fie. 9. Conductance Measurement Circuit 


This also reduces any harmonics produced by non-linearity of the characteristic. The 
stray capacitances of the wiring and parts of the bridge should be kept low or balanced 
by a suitable arrangement of parts. A variable capacitance C; connected across 71 can be 
used to balance different tube capacitances. 

The voltage drop in the bridge circuit should be taken into account in determining the 
electrode voltage of the tube. The inductance L provides a low d-c resistance path across 
the amplifier. The blocking condensers C keep the direct current in a path of constant 
resistance which simplifies the correction. 

TRANSCONDUCTANCE. The transconductance is a measure of the change in current 
in one electrode produced by a voltage on another electrode. In a tube having several 
electrodes the transconductance may be measured between any. two electrode circuits, 


Electrode 

D.C. 
Voltages > 
Adjusted 
to Test 
Conditions 


‘Fie. 10. Transconductance Measurement Circuit 


the.cathode being common.to both circuits. For example, the grid-plate transconductance, 
or mutual conductance, may be determined from the curves for the grid-plate transfer char- 
acteristic since this shows the plate current vs. grid voltage. The slope of this curve at a 
certain point gives the transconductance at the voltages represented by the point. 

The transconductance may be measured directly by means of the circuit of Fig. 10. An 
alternating voltage as small as convenient is applied in this circuit, and the resistor 7 is 
adjusted for minimum sound in the receivers. The stray capacitances due to the wiring 
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and the tube may be balanced by means of the condenser C connected either between points 
X-—Y or X—Z as determined by trial. The direct voltages are supplied to the electrodes 
through the choke coils Z; and Ly. The reactance of the choke coils at the frequency 
of the applied alternating voltage should be large with respect to 72 and r3. If the resis- 
tances of the choke coils cause an appreciable drop in direct voltage the electrode voltages 
should be corrected accordingly. 


At balance the transconductance is given by 
gik = — (10) 
Tes 
This relation assumes that the electrode conductance is negligible. If the conductance 
of electrode 7 is 1/r; and that of k is 1/r;, the transconductance is given by 


(11) 


_ The following circuit constants will cover a range of transconductance from 1 micromho 
to 10,000 micromhos. 
Ti — OD | Onvohm Tr. = 1000 ohms 
LOR ae lwohimn 
10 X 10. ohms 73 = 100 ohms 
10 X 100. ohms 


With LZ; equal to 50 henrys and Lz equal to 10 henrys and a 1000 eps alternating voltage 
the error in using the simplified equation will be less than 2 per cent if rj and rz are greater 
than 10,000 ohms and 100,000 ohms, respectively. 

MU FACTOR. The mu factor is the ratio of the voltages in two electrode circuits re- 
quired to maintain constant current in the circuit of any specified electrode. It may 
be determined from the static characteristic curves or measured by a balance method. 
For example, the amplification factor is a special case in which the control-grid voltage 
and plate voltage are changed in such a way as to maintain constant plate current. 

In the circuit of Fig. 11 the electrode in which the current is to be held constant is 
connected to point A. The other two electrodes entering directly in the measurement 


Electrode 


dD. 
Voltages, 
Adjusted 
to Test’ 
Conditlons 


Fie. 11. Mu Factor Measurement Circuit 
are connected to points B and C. When 7 and r2 and M are adjusted for minimum sound 
in the telephone receivers, the mu factor is given by 
= 72 
Likl 1 


The direct voltages to the electrodes under test may be supplied through choke coils L 
having a reactance at the frequency of the alternating voltage which is high witb respect to 
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the resistances 71, 72, and r3. The resistances of the chokes should be low enough to cause 

negligible loss in direct voltage or the true electrode voltage determined by subtracting the 

loss. If the electrode conductances are not negligible in comparison with 71, r2, and r3 a 

ion should be made for this. 

OTN TERELECTRODE CAPACITANCE. The capacitance between the electrodes of a tube 

may be measured in various ways. It is preferable to read the direct capacitance between 

any two electrodes rather than the total capacitance between an electrode and all other 

electrodes. The readings are normally made with the tube cold and no direct voltages 

applied. When the tube is heated the capacitance changes a small amount owing to 

the presence of space charge, but the change is ordinarily negligible. The tube should be 

complete with base, though the 

socket capacitance is not included 

in the measurement. For most 

reliable results, readings should 

not be taken with any electrodes 

disconnected, and the tube should 

be mounted in a specified way 

with respect to any shields. For 

3 indirectly heated types the fila- 

ment and cathode should be tied 
together. 

A bridge method for the meas- 
urement of direct interelectrode 
capacitance in a triode is shown 
in Fig. 12. The capacitance to 
be measured is connected to the 
terminals A—B. The figure shows 
the grid-plate capacitance Cgp 
connected for measurement. The 
effect of the grid-cathode capaci- 


FO | noite 


awa hth tance Cgx in the circuit across 72 

—s ul is ordinarily negligible owing to 

the low resistance of ro. The 

Fic. 12. Electrode Capacitance Measurement Circuit plate-cathode capacitance Cpz is 

across the amplifier and tele- 

phone receivers, which does not affect the balance. The standard capacitance C and 

resistance r are adjusted for minimum sound in the receivers. When the bridge is bal- 
anced the capacitance is 


Ce a OFA = ne (12) 


An error in the reading may result if appreciable leakage resistance exists across Cz. 
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ELECTRON TRANSIT TIMES AND INERTIA EFFECT. Since the single electron 
has a mass of 9.035 X 10~*8 gram there will be a force acting on the electron in the presence 
of an electric field which is proportional to the product of the field strength and the electron 
unit of charge. This force will accelerate the electron, giving it finite velocities. If the 
electron has started from rest and attains final velocities much smaller than the speed of 
light, the velocity in practical units may be expressed as 


v= 5.95 X 107™/V_ em per sec 


where V is in volts. It is common practice to express the velocity of an electron in terms 
of the voltage in the above expression instead of the usual centimeters per second. 

If, however, the velocity of the electron has been accelerated to velocities not negligible 
compared to the speed of light, c, which is 3 X 10!° em per sec, the mass of the electron, 
m, will increase in the ratio 


m = 1.96 X 10-8V + [(1.96 X 10-SV)? + 1]% (13) 


where m, is the mass of the electron at rest. At 100,000 volts the increase in mass is about 
22 per cent, whereas at 1000 volts the increase is only about 0.2 per cent. At very high 
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voltages, therefore, the velocity of an electron will be less than the above expression by the 
square root of m,/m, the resulting velocity being 


= 5.95 < 107 VV rer per sec (14) 
P m 


The transit time of an electron becomes of importance at very high frequencies and as 
would be expected depends upon the electron velocity expressed at some convenient point 
and the distance it has traveled. The constant K in the following expressions is a factor 
taking into account the geometry of the electric field and the effect of space charge, if 
present, on the electric field. For all the cases where the electron has been assumed to 
start with zero velocity the transit time, 7, is 


KD x 1 (15) 
= = Cc 
1 PSOE GLO Dia /y* a 

where D, in centimeters, is the distance traveled from rest to the point of voltage V, in 
volts. The dimensionless constant K has the following values: K = 1 for a field-free space; 
K = 2 for field between parallel planes without space charge; K = 3 for field between 

parallel planes with space charge. 
For concentric cylinders the values of K are given in Fig. 13. The A and B curves are 
for the usual case where the higher voltage is on the outside cylinder (the cathode being 
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Fig. 13. Electron-transit Time for an Electron Starting with Zero Initial Velocity. Chart Includes 
Cylindrical and Parallel Plane Structures in an Electric Field with and without Space Charge. (Cour- 
tesy RCA Review.) 


the inner one); the A’ and B’ curves are for the case where the positive voltage is on the 
inner cylinder. 

In many cases one is interested in the transit time when the electron is not starting from 
rest, as, for example, for the electron transit from the control grid to the screen grid region 
of a pentode. For this case 


T= nee SLs x Pons ia etree sec (16) 


5.95 X 107° V/V, VV2/V1 + 1 
where K and D are defined as before, Vi and V2 are the voltages of the two points between 
which the electron is passing, and V2 > Vi. 


THE INPUT ADMITTANCE OF VACUUM TUBES. The input admittance of nega- 
tive-grid-controlled vacuum tubes may have deleterious effects especially at high fre- 
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quencies. Its conductive component is, to a first order, proportional to the square of the 
input-signal frequency. Being a power-absorbing element it will thus broaden the fre- 
quency-response characteristic of the input circuit and lower the anticipated gain of the 
preceding stage. Furthermore, it also varies with the tube transconductance or tube gain. 
The reactive component of admittance is fortunately independent of frequency, but un- 
fortunately it varies with the tube transconductance. For a triode or a pentode radio- 
frequency amplifier the effect is to increase the input capacitance of the tube in the order of 
1 to 2 uf as the tube gain is varied from cutoff to its maximum value. At low frequencies 
this small capacitance change is made negligible by padding the input circuit with a suf- 
ficiently large fixed capacitance, but at high frequencies this precaution is impractical. 
These admittance variations which change with the tube transconductance may be greatly 
reduced by the use of an unbypassed cathode resistor so positioned that it will be common 
to both the input and output circuits of the tube. 

The input conductance, ge, of a vacuum tube consists essentially of two components. 
One of these components, g:, has its origin in the electron-transit time phenomena, and the 
other, gz, has its origin in that portion of the cathode-lead inductance which is common to 
both the input and the output terminals of the vacuum tube. Quantitatively the transit- 
time loading, g:, as determined by D. O. North is 
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where g; is the transit time input loading in mhos, gix is the signal-grid-to-cathode trans- 
conductance in mhos, f is the signal frequency in cycles per second, 71 is the transit time in 
seconds for an electron to move from the cathode to the plane of the signal grid, r2 is the 
transit time in seconds for an electron to move from the signal grid plane to the plate, 
and 0, and 2, are the electron d-c velocities at the plate and grid respectively. It should be 
noted that for a well-screened tetrode or pentode the transit time, 72, and the plate velocity, 
Vp, are with reference to the screen grid. Also it should be noted that the grid-to-cathode 
transconductance of a triode is the same as its grid-to-plate transconductance, whereas for 
a pentode or tetrode the grid-to-cathode transconductance has a value equal to the grid-to- 
plate transconductance multiplied by the ratio of cathode current to plate current. The 
last two terms in the brackets of the above expression are only of second order of magnitude 
in the conventional amplifier tubes since the ratio vp/vg is approximately equal to 10. In- 
spection of this expression further indicates that considerable loading may be contributed 
to the input circuit by electrons moving in the space between the control grid and plate 
(or screen grid). As a precaution in using the above relationship, the simplifying assump- 
tions applied for its derivation are listed below. 

1. The transit times, 7: and 72, are small compared to the period, 1/f. 

2. The electrodes are parallel planes. 

3. The initial velocity of the emitted electrons is zero and the emission is ample, so that 
the three-halves power of voltage vs. current holds in the cathode-grid region. 

4. The amplification factor of the signal grid is high, so that electrons on one side do not 
appreciably influence the field on the other side. 

5. The grid is an equipotential plane surface. 

6. The alternating voltage at the grid is very small with respect to the effective static 
grid potential. 

7. The alternating voltage at the plate (or screen grid) is zero. 

8. The potential between grid and plate (or screen grid) is substantially linear and free 
of space charge. 

That part of the input conductance, gz, which stems from the cathode-lead inductance 
may be expressed to a first approximation, as shown by J. O. Strutt and Van der Ziel, by 


gn = 4 fPLrCgrgik (18) 


where gz is the input loading due to cathode-lead inductance in mhos, f is the signal fre- 
quency in cycles per second, L; is the cathode-lead inductance common to both input and 
output circuits in henrys, C,z is the capacitance between the signal grid and the cathode 
in farads, and gix is the signal-grid-to-cathode transconductance in mhos. 

Since both the aforementioned components of input loading are proportional to the signal 
frequency squared and to the tube transconductance, the two effects are therefore im- 
practical to measure separately. It is also difficult to measure the cathode-lead inductance. 
If one estimates this inductance to be 5 to 10 millimicrohenrys for the glass miniature tubes 
and 10 to 15 millimicrohenrys for the single-ended metal or loctal tubes where the lower 
values are used for those tubes having two cathode leads, we find that from 10 per cent to 
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about 35 per cent of the total input loading is contributed by the effect of cathode-lead 
inductance. 


The screen-grid lead inductance, Lg, in a pentode amplifier or tetrode amplifier in- 
troduces negative input loading, gz2, which quantitatively is 
gre = —4r’PLeCriggi (19) 


where f is the frequency in cycles per second, Ly: is the screen-grid lead inductance in 
henrys, Cgig2 is the capacitance between the signal grid and the screen grid in farads, and 
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Fig. 14. Input-loading Conductance vs. Grid-plate Transconductance for a Group of R-f Pentode 
Amplifying Tubes at 100 Me. 


g2 is the transconductance from signal to screen grid. This negative loading is small in 
magnitude compared to the positive loading introduced by the cathode-lead inductance, 
and for the typical pentode amplifier (gi ~ 0.2g1%, Ceige < Cex, and Lg ~ Ly) it will reduce 
the total loading by only a few per cent. If, however, additional inductance is placed in 
series with the screen lead it should be possible to neutralize the positive input loading 
completely, with the distinct disadvantage that instability or even parasitic oscillations 
may be produced in the amplifier stage. 

If the static tube voltages are held constant so that the electron-transit times do not vary 
and the frequency only is varied, we may write the total input loading, gg, as 


& =e +er= Kf (20) 


where, if the g terms are expressed in micromhos and the frequency f in megacycles, the 
constant K will be in the unit micromhos per megacycle squared. This proportionality 
factor K is listed in Table 1 for several tube types with the static operating voltages, cur- 
rents, and signal-grid-to-plate transconductances to which it applies. At frequencies 
below 25 Mc a conduction term negligible at higher frequencies should be added. This is 
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due to dielectric losses and is proportional to frequency. For single-ended metal tubes this 
added conduction loss, gy, is approximately equal to 


gH = 0.03f 


when f is in megacycles and gy isin micromhos. For the glass miniature and acorn tubes 
this loss is too small to be measured accurately. 

It should be noted that in Table 1 the five entries at the bottom of the list are for mixer or 
converter use. Those applications where the signal is injected on an outer grid and the 
local oscillator is injected on the inner grid produce negative loading. In the case of the 
6L7, the signal being placed on the grid adjacent to the cathode, positive input loading is 
produced as in the amplifier applications discussed. 

If the grid-plate transconductance is varied from minimum bias to cutoff bias the input 
loading will vary in proportion to this transconductance and a complicated function of the 
electron transit times. In Fig. 14 are given in graphical form some measured values of input 
loading. These data were observed at 100 Me with the static voltages of Table 1 applied. 
The grid-plate transconductances were varied by changing the signal-grid bias. To com- 
pute the input loading at any frequency, f in megacycles, multiply the loading at 100 Mc 
by the ratio (f/100)?. 


Table 1. Values of K, C,,, and AC Input for Several Tube Types 


Grid-plate AC Input I 
Plate | Screen | Signal-| Plate | Screen | Transconduc- Change L a 
Tube Volt- | Volt- grid Cur- Cur- | tance or Con- | Cgx,* | in Input Gas ns 
Type age, age, Bias, rent, rent, | version Trans- put Capaci- seeps 
volts | volts | volts ma ma conductance, tance,T ees 
p»mhos yn per Me 
6SJ7 250 100 —3 3.0 0.8 1650 235, 1.0 0.053 
6SK7 250 100 —3 9.2 2.6 2000 2a oe 0.050 
6SH7 250 150 —1 10.8 4.1 4900 4.2 ae 0.063 
6SG7 250 125 -1 11.8 4.4 4700 Bed. DS 0.060 
6AB7 300 200 —3 ED, 3.2 5000 3.6 1.8 0.079 
6AC7 360 150 —2 10.0 Ze 9000 6.4 2.4 0.175 
9001 250 100 —3 2.0 0.7 1400 ee7, 0.5 0.0062 
9003 250 100 —3 6.7 Tesi | 1800 1.4 0.5 0.0066 
6AK5 150 120 —2 ho 735) 5000 2.6 al 0.0134 
6AG5 250 150 —1.8 7.0 2.0 5000 3.9 1.4 0.033 
6BA6 250 100 —1.2 11.0 4.2 4400 3e5 Dee? 0.060 
6AU6 250 150 —1 10.8 4.3 5200 3.5 Zao 0.076 
954 250 100 —3 2.0 0.7 1400 125 0.5 0.005 
657 250 100 —3 2.0 0.5 1225 25 1.0 0.05 
6K7 250 100 —3 7.0 1.7 1450 He || Va74 0.05 
6A8 250 100 —3 355 Dad) 550 —0.05 
6SA7 f 250 100 0 325 8.5 450 —0.03 
6SA7 § 250 100 —2 3.5 8.5 450 —0.03 
6K8 250 100 —3 Ze 6.0 350 —0.08 
6L7 250 100 —3 2.4 Za 375 0.15 


* This is the capacitance between grid and cathode with all voltages applied and grid biased to 
plate-current cutoff. 


} This is the increase in input capacitance as the grid bias is varied from cutoff to the plate current 
indicated in this table. 

t Self-excited. 

§ Separately excited. 


The reactive component of input admittance is essentially capacitative since the reac- 
tances due to the lead inductances to the several tube elements are small up to frequencies 
of the order of 100 Mc. This input capacitance consists, in the typical grid-controlled 
amplifiers, of the static paralleling capacitances between the signal grid and all grounded 
elements plus a variable capacitance which is independent of frequency but changes with 
tube cathode current and therefore varies with the tube gain. 

The variable component of input capacitance may be broken down into two components. 
One known as the Miller effect is due to the grid-plate or feedback capacitance, ype) Wath 
a pure resistance output load in the plate circuit or one tuned to resonance with the signal- 
input frequency the added input capacitance is 


Cinput - qd + A) Cep (21) 


where A is the voltage gain of the stage. In a triode this component may be of the order 
of 10 to 100 times as large as the other input capacitance components. Since the grid- 
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plate capacitance of a pentode r-f amplifier tube is of the order of 0.001 that of a triode, 
this Miller effect can be made negligibly small with a properly designed pentode amplifier. 

A second source of input-capacitance variation is due to the space charge in the cathode- 
grid region. Theory predicts that the capacitance between grid and cathode, Cx, should 
increase by 33 1/3 per cent when space-charge-limited current flows as compared to no 
current flow. Measurements show that there is an increase with current flow but not an 
abrupt one, the difference being due in all probability to the theory’s assumptions of 
simple geometry and zero initial velocity of emitted electrons not being fulfilled. In 
Fig. 15 are shown graphically the results of measurements of input-capacitance increases 
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Fie. 15. Increase in Input Capacitance vs. Grid-plate Transconductance for a Group of R-f Pentode 
Amplifying Tubes 


against grid-plate transconductance for a group of typical r-f amplifier pentodes. These 
measurements were made with the plate grounded to radio frequencies at 100 Mc. Static 
voltages are as indicated in the previous chart, where the maximum input-capacitance 
change has also been entered. The transconductance was varied by changing the grid bias. 
COMPENSATING FOR INPUT-ADMITTANCE CHANGES. The _ undesirable 
changes of input admittance as the gain of an amplifier tube is varied may be made reason- 
ably constant by the introduction of negative feedback through the use of a small unby- 
passed cathode resistance, 7z. For the input capacitance to have the same value at full 
transconductance as it has at cutoff, the value of r; in ohms 1s given by 


ae ACinput a (22) 
Cek 8k 


when Cz is the capacitance at cutoff between grid and cathode, ACinput is the increase in 
input capacitance from cutoff to maximum transconductance, and ggz in mhos is the grid- 
to-cathode maximum transconductance if the cathode resistance were by-passed with a 
large capacitor. Both fixed and maximum variational capacitance values are given in 
Table 1. Note that this compensation holds for any frequency. 


Tk 
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For the input conductance to have the same value at cutoff as it has at full gain, the 
value of the unbypassed cathode resistor, rz, in ohms is given by 


108 afin + Hae Kage , 
=p [-14+ 1+ 48 | (23) 
where gg; in micromhos is grid-cathode transconductance, Cz, in micromicrofarads is 
grid-cathode capacitance, and K in micromhos per megacycle squared is the frequency 
coefficient of input loading. This compensation is also independent of frequency. 
“Generally rz will not have the same value for both capacitance and conductance com- 
pensation, but practically they are of the same order of magnitude so that correcting for 


one will usually improve the other. In Fig. 16 are shown graphically the effects on two 
tube types of adding several different values of rx. 
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Fic. 16. Input-capacitance Change and Input Loading vs. Plate Current for the 6AB7 and 6AC7 
Tubes. (Courtesy RCA Review.) 


It should be noted that the unbypassed cathode resistance, because it produces de- 
generative amplification, reduces the gain to 1/(1 + ggxrx) of its value when rz is by-passed. 

NOISE, GENERATED IN VACUUM TUBES. The vacuum tube is a noise generator 
having several possible sources. One important type, known as the “shot effect,’’ stems 
from the fact that the electron current consists of discrete particles which leave the cathode 
in a random fashion, producing fluctuation currents uniformly distributed over all fre- 
quencies. The “flicker effect’’ is a low-frequency phenomenon caused by small emitting 
areas of the cathode constantly changing their emission characteristics. This effect is 
small compared to the shot effect. In tubes having more than one collector element, such 
as the screen and plate of a pentode, the random division of current produces uniform 
noise currents over the whole frequency spectrum of a tube’s output or plate current. 
Other sources are positive-ion-emission currents, positive-ion currents produced as the 
result of gas ionization, and secondary-electron emission. In the low-frequency region 
may also be found microphonics due to the motion of the tube elements, and hum result- 
ing from the use of an a-c power source for heating the cathode. Associated with the input 
loading and therefore present only at high frequencies is another noise source which may 
add appreciable noise above, say, 30 Mc. 

The thermal agitation or shot effect for a temperature-limited current, J, of a diode 
produces a mean-square fluctuation current 7, measured in a frequency band width Af, as 
given by the equation + 

=)3.18) >< 10s 8D Ay (24) 


where ? and J are expressed in amperes and Af is in cycles per second. It is often more 
convenient to express the tube-noise generators in terms of an equivalent resistance which 
at room temperature produces the same noise as the hot-cathode vacuum tube. The 
mean-square thermal agitated fluctuation current for any short-circuited pure resistance is 


4KT Af 
S 


# = (25) 
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where r is the ohmic value of the resistance; K is Boltzmann’s constant, 1.372 X 10723 
joule per degree; 7 is the temperature of the resistance in degrees Kelvin; and 7 is in 
amperes. Similarly the mean-square fluctuation voltage, e?, across the open-circuit 
terminals of a pure resistance is 


e = 4KTr Af 
where e is now given in volts. If room temperature is assumed to be 290 deg K (81 deg 
Fahr) the above expressions become 
= 1.59 X.10F2° AS 


eS i ne (26) 


1.59 X 10% Af (27) 


ll 


e2 


By direct substitution the equivalent-noise resistance of the diode with temperature- 
limited current flowing is 
1 


Teq = 301 (28) 


Such a diode is conveniently used as a noise-signal source generator. 

With the diode current limited by space charge, and provided that I is small compared 
to the total available emission current, the fluctuation noise currents are reduced so that 
the equivalent noise resistance for the diode becomes 


1 


Teq = 301 (29) 


In triodes and pentodes, shot-effect noise is present as in the diodes and may be repre- 
sented by a noise-equivalent resistance whose thermal-agitation noise at room temperature 
is equal to the tube noise referred to the control grid of the tube. In pentodes the random 
current distributions between the screen grid and anode produce noise usually several 
times greater than the thermal noise. In the following expressions for equivalent-noise 
resistances, for the pentode, the first term in the parenthesis is due to shot effect and the 
second term is due to screen current fluctuation: 

For triode amplifiers, 


Teq = ray (30) 
For pentode amplifiers, 
Ip (= 201, 2) 
SS eS | 31 
Tea Ip ae Ten &m ah fy ( ) 
For triode mixers, 
4 
Teq = — (32) 
eq Be 
For pentode mixers, 
ie 4.201 
= 33 
peg ile Sr Teo (- is (as ) ( ) 
For multigrid converters (with inner-grid or outer-grid injection), 
In —TI 
req = 201529 (34) 


The following approximate relationships for triode and pentode mixers, when both the 
oscillator and signal frequencies are injected in the grid adjacent to the cathode, are useful 
when the data required for eqs. (32) and (33) are not. available. The values ‘“‘as amplifier” 
refer to conditions at the peak of the assumed oscillator cycle which is usually very close to 
zero grid-bias. 


& (as converter) = g»/4 (as amplifier) 

I, (as converter) = J,/4 (as amplifier) 

I.2 (as converter) = I-2/4 (as amplifier) 

Teq (as pentode converter) = 47 eq (as amplifier) 
.. Teq (as triode converter) = 6.57eq (as amplifier) 


Conversion from noise-equivalent resistance to noise-equivalent rms voltage is effected by 
use of eq. (27): 


9 ns RT et AMPA THE HERG ata AY EN (27a) 


, 1 


1G 
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Conversion from noise-equivalent resistance to noise-equivalent rms current is effected by 
use of eq. (26): ae 
Af 


Teq 


V2 = 1.3 X 10710 (26a) 


The symbols in the above equations have conventional significance whose definitions are: 


Teq, Noise-equivalent resistance, ohms. 

&m, grid-plate transconductance, mhos. 

&, conversion transconductance (frequency converters and mixers), mhos. 
Ip, average plate current, amperes. 

I, average screen-grid current, amperes. 

Io, average cathode current, amperes. 


Ve, noise-equivalent rms voltage for band width Af, volts. 


wis noise-equivalent rms current for band width Af, amperes. 
Af, effective band width, cycles. 


In Table 2 is a listing of representative receiving-tube types showing equivalent-noise 
values. Several, covering a large range of equivalent-noise resistance values, show meas- 
ured values all in good agreement with values computed from the above relationships. 

Positive-ion noise produced by collision ionization results from residual gas in a vacuum 
tube. This very undesirable fluctuation noise may be investigated in order to determine 
the magnitude of grid current (positive-ion current) which may be tolerated from analysis 
of the following equation for the equivalent-noise resistance, 7Teq (gas): 


Teq (gas) = (202 + A =) Tig ohms (35) 
™ 
where r = grid-circuit resonance impedance, ohms. 
Io = cathode current, amperes. 
I;g = positive-ion current to grid, amperes. 
8m = grid-plate transconductance, mhos. 
A = coefficient of the order of 40,000. 


The term 20r?/;z represents shot-effect voltage fluctuations produced by the gas current 
flowing in the grid circuit. It may be increased several fold by induction effects associated 
with the ion transit time, even at frequencies of a few megacycles. The second term is 
the noise generator term within the tube. If, for an example, we assume 7 as 10° ohms, 
Zm as 2000 X 107° mho, Jp as 107? amp, and a grid current of 10~® amp, the resulting 
Teq (gas) is 250,000 ohms. To reduce this equivalent-noise resistance to a value negligible 
compared to the noise produced by the grid circuit resistance, here assumed to be 100,000 
ohms, calls for a reduction of the gas current some 100 fold or to 107? microampere. 
Equation (35) is applicable to triodes or pentodes. 

There is a source of current fluctuations associated with the component of tube input- 
conductance produced by electron transit time effects, a source which becomes important 
when the input frequency is high enough to make the transit-time input conductance 
relatively large. The random variations in space current will induce current fluctuations 
in the control-grid circuit, giving rise to grid-voltage fluctuations proportional to the total 
input impedance (tube and circuit). These induced mean-square grid-current fluctuations 
may be expressed thus: 

i 20 T 

ig? = a ( _ ) AKT reg Af = 1438(4KT reg Af) 
Inserting the value for Boltzmann’s constant K, and assuming the cathode temperature, 
Tx, to be 1000 deg K, the above expression simplifies to 


ig = 7.5 X 10-2°g, Af amperes (36) 


The noise-equivalent rms voltage for the band width Af appearing at the tube control-grid 
may be deduced from the above expression; it is 


V ge Af 
E+ & 


when gg in mhos is that portion of the tube input conductance traceable to electronic load- 
ing alone; gin mhos‘is the grid-circuit resonance conductance; and Af in cycles is the effec? 
tive band width of the amplifier. As an example, assume the input circuit’ resonance 
impedance to be 20,000 ohms so that its reciprocal gis 50 X 10~* mho; let gz be 200 X 107% 


Veg = 2.75 X 10719 volts | (37) 
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mho and assume the effective band width to be 5000 cycles. The rms noise voltage appear- 
ing at the signal grid is then 1.1 X 1076 volt, certainly not negligible for a high-gain 
amplifier! 

DISTORTION INTRODUCED BY R-f AMPLIFIER TUBES. Owing to the inherent 
curvature of the plate-current vs. signal-grid-voltage characteristic of all r-f amplifier 
tubes, there are present in the tube output three types of distortion when the input signal 
has the form of an amplitude-modulated carrier. By means of a Taylor expansion series 
(see also Section 5, articles 16-24), the plate current about any given operating point may 
be written 
tp 4 Cp rte) nee” O-tF .+ 
€c 2! de? 3! de? 


In this expression 0%/de- is the slope or transconductance, gmo, of the plate-voltage vs. 
grid-bias curve, and 0%,/de2 and 0°i,/d%e, are the second and third derivatives respectively 
of this same curve. The quantity eg is the alternating part of the grid voltage or the signal 
input voltage. If an amplitude-modulated carrier signal voltage of the form 


‘ ) 
t = Ino + eg 5 (38) 


eg = E,\(1 + m sin pe) sin oyt 


is inserted in the above series, we may neglect all the terms having harmonic frequencies 
of w,: if it is assumed that there is a tuned circuit in the output of the tube which band- 
passes only those frequencies and the sideband frequencies associated with the carrier 
frequency w;. Two types of distortion become apparent from this operation. The modu- 
lation factor, mi, is changed, and the modulation-frequency component has amplitude 
distortion which is indicated by the presence of harmonic terms of p, the modulation 
frequency. 
The modulation factor is thereby changed by the ratio 


A 1 34, 3 
pestle = E (: = 3 m:*) eee) EY? (39) 


&mo 


The amplitudes of the second and third harmonics producing amplitude distortion of the 
modulating frequency are expressible as: (a) Second harmonic distortion (ratio of the 
amplitude of sin 2pt to the amplitude of sin pf). 


(40) 


3 3 
Ratio of 2nd harmonic to fundamental = [ f eee E 


16 ” &mo 
(b) Third harmonic distortion (ratio of the amplitude of sin 3pt to the amplitude of sin pf). 


1 37, 3 
gmt | EY? (41) 


3 : &m0 
A third type of distortion occurs when a second, and usually an unwanted, signal modu- 
lates the desired signal. This is known as ‘‘cross modulation.” 
If there is substituted in the above series, for eg, eg = Ei(1 + msin pé) sin wt + 
E,(1 + mz sin gt) sin wt where the subscripts 1 apply to the desired signal and the sub- 
scripts 2 apply to the undesired signal, then the cross-modulation ratio is 


1m eee] E2 
2 m, m0 


Inspection of the three different distortion types indicates that all are proportional to the 
square of the signal voltage amplitude and that all also are proportional to the third 
derivative of plate current to grid voltage and inversely proportional to the transconduct- 
ance. It should also be noted that, since this analysis discards all higher derivatives than 
the third, reasonably small signal voltages are implied. 

It is rather tedious to obtain sufficient points for an % vs. e1 curve to determine the third 
derivatives accurately by graphical means. A more practical method is to use a conven- 
tional g, bridge having a calibrated and variable signal grid voltage. The procedure is to 
apply a small signal, of the order of 0.01 to 0.1 volt, to the signal grid, with which a bal- 
ance is established which gives a transconductance reading equal to gmo. The bridge is 
then set off-balance by a predetermined small amount, say 1 to 5 per cent, and the input 
signal is increased until the bridge is again in balance. The required change in gmo bal- 
ance may be either positive or negative, depending on the curve shape. It can be shown 
by application of the Taylor’s series that 


Agmn = E eee | Ee 
&m0 8  &mo 


Ratio of 38rd harmonic to fundamental = | 


Cross-modulation ratio = l (42) 


(43) 
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where Ey is the peak value of the large signal applied to the grid. Substitution of the above 
into the previous distortion equations results in the following expressions: 


Per cent change in modulation = 2 ( _ 3 mit) Agm x 100 


§mo 


Per cent 2nd harmonic distortion = = mi Agm x 100 


m0 


Per cent 3rd harmonic distortion = — m2 —™ x 100 


Per cent cross modulation = 4 — —= X 100 


If it is assumed that m; = 1, that m2/m, = 1, and that the transconductance is changed 
1 per cent, the above may be expressed to show the relative magnitudes of the various 
distortions, giving 

Modulation change = 1.25% 

2nd harmonic distortion = 1.5% 

3rd harmonic distortion = 0.25% 

Cross modulation = 4% 


In Fig. 17 are plotted the signal voltage necessary to change the gm by 3 per cent vs. the 
6 


+——4 HH + 


6K7 maximum transconductance = 1450 umhos 
6AB7 a a6 = 5000 umhos 


5 i 


6K7 | 


aS) 


ine) 
{Lez 


Signal, in volts rms, to give a 
3 per cent change in transconductance 
Ww 


6AB7 


= | 


01 1.0 10 100 


Transconductance in per cent of maximum transconductance 


Fic. 17. Comparison of Signal Voltages Applied to the Remote and Semi-remote Cutoff Tube Types 
6K7 and 6AB7 Respectively to Produce the Same Amount of Distortion 


transconductance in terms of the maximum transconductance. For modulation factors 
of unity, this corresponds to saying that the signal voltages indicated will produce 


Modulation change = 3.75% 

2nd harmonic distortion = 4.5% 

8rd harmonic distortion = 0.75% 

Cross modulation = 12% 
The one curve is for a ‘remote cutoff” tube, 6K7, which requires approximately 45 volts 
bias to reduce its maximum transconductance of 1500 umhos to about 1073 this value. 
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The second curve is for a ‘“‘semi-remote cutoff’? tube, 6AB7, which requires about 22 volts 
bias to reduce its maximum transconductance from 5000 to 107 this value. It is apparent 
that the 6K7 can handle a much larger signal than the 6AB7. The 6AB7 tube is limited 
to lower signal values because of its higher transconductance value, and if it were designed 
to have a similar cutoff as the 6K7 it would draw exceedingly large plate currents when 
the bias was set low for maximum gain. There is thus a practical limitation governing 
the maximum transconductance and 
maximum signal-handling capacity 
that can be designed into a tube. 
CHANGING OPERATING CON- 
DITIONS. Operating Voltages. It 
is sometimes necessary to change the 
operating potentials of an amplifier 
or a power output triode or pentode 
tube from the published typical op- 
erating conditions. By means of the 
conversion factor chart, Fig. 18, it is 
possible to determine the new volt- 
ages, currents, transconductance, 
plate and load resistances, and power 
output. The curves are based on 
the fact that, if all applied voltages 
(except heater voltage) are changed 
by a factor n, the resulting currents 


10 


Ww 


ie) 


Conversion Factors, F;, Fy, Fp, Fom 


1.0 will all be changed by n3/2, the gm by 
0.8 nil2, and the plate resistance by n5/2, 
: The accuracy of the chart is reason- 
ably good for small changes, but for 

0.6 large voltage changes exceeding 2.5 

to 1 the chart is unsuitable. As an 
example, assume a pentode with the 

0.4 following typical ratings: 
applies to plate, screen, 

0.3 and control grid voltage. Plate voltage sas.i cee ee 250 volts 
applies to plate and screen Screen voltage............ 250 volts 
current, Gridlibiase on fs + che srerarecc ae — 18 volts 

0.2 applies to power output. Plate current 3.3. dees 32 ma 
applies to plate resistance Screen current............ 5.5 ma 

: and load resistance. Plate resistance..........- 70,000 ohms 
gm applies to mutual Transconductance......... 2,300 umhos 
pendnctances Load resistance........... 7,600 ohms 
Power outputi2-4 265.2% 3.4 watts 
0.1 
0.4 0.6 0.8 1.0 15 220 3.0 It is desired to determine the opera- 
Voltage Conversion Factor, Fe tion characteristics for a plate volt- 


~ Fre. 18. Conversion Factor for Triode and Pentode age of 100 volts. All voltages will 

have to be changed in the ratio of 
100 to 250 (e.g., F., the voltage conversion factor, is 0.4). From the chart the new to the 
old ratios are picked off so that F; is 0.25, Fp is 0.1, Fgm is 0.63, and F, is 1.6. The new 
conditions will then be 


Plate voltage -jocictexe © s1ac'< bree cele 100 volts 
Screen’voltages..2.. os. ss eeee es 250 X 0.4 = 100 volts 
Grid bias 22. ne onsen cece e —-18X0.4 = —7.2 volts 
Plate: currentess ou oe ee oeiseaeie 32 X 0.25 = 8ma 

Soreen currents. eehaisise eis ois 6.5 X0.25 =14ma 
Plate: resistance 4..ce5 ae cel eee 70,000 X 1.6 = 112,000 ohm 
Transconductance............. 2,300 X 0.63 = 1,450 umhos 
Load resistance v5 clcidesmiee se 7,600 X 1.6 = 12,000 ohms 
Poweroutput. ..cs. cies riettae 3.4 X 0.1 = 0.34 watt 


It should be noted that this chart cannot be used if only one voltage is varied. 

Changes in Heater or Filament Voltage. Changing the heater or filament voltage of a 
tube will increase or decrease the temperature, current, and power input of the emitting 
cathode. The curves of Fig. 19 show these relationships, which were based on taking 
average values of radiation coefficients and resistivity of tungsten, molybdenum, tantalum, 
and nickel covering temperature ranges of 1000 to 2800 deg. K. With a maximum fila- 
ment voltage variation of +25 per cent, engineering accuracy holds for vacuum and 
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gas-filled tubes, the greatest deviation between observed and predicted currents and power 
input being only 4 per cent. 

As an example assume that a 6.3 volt 0.3 amp heater is running with a cathode tempera- 
ture of 1050 deg K and a heater temperature of 1400 deg K and that the heater voltage is 
decreased to 5.5 volts or 87.3 per cent of nominal. From Fig. 19 we find that the resulting 
power input is 80 per cent of 1.89 watts, or 1.51 watts. The new filament current is re- 
duced to 92 per cent of 0.3 amp, or 0.276 amp, and the cathode and heater temperature 
are reduced to 95.8 per cent, or 1005 
and 1340 deg K, respectively. 

Maximum Allowable Grid Resist- 
ance. Common practice is to apply 
the d-e bias to the negative control 
grid of an amplifier through a series 
grid resistor. It is desirable to make 
this resistor as high valued as possible 
since it shunts the signal source and 
- therefore absorbs power and may have 
detrimental results on the frequency 
response and loading of the signal 
source. Its limiting value is usually of 
the order of 0.1 to 10 megohms and is 
established by the radio-tube manu- 
facturer on the basis of life tests and 
maximum expected grid current. Grid 
current flowing through the grid resis- 
tor decreases the grid bias by the IR 
drop through the resistor and may 
cause the tube to ‘“‘run away”’ since 
the resulting increase in plate current 
will produce excessive plate dissipa- 
tion. By the addition of a cathode 
self-bias resistor, or the use of a series 
dropping resistor in the screen lead of 
a pentode, or the use of a d-c load re- 
sistor in the plate lead of a triode, 
there results some d-c degeneration, 
thereby making it possible to increase 
the value of the grid resistor above 60 70 80 90 
that indicated as a maximum. Also, 
if the tube is operated at a reduced 


170 


Per cent of basic watts, current, temperature 


110 
Per cent of basic voltage 


100 120 130 140 


Fie. 19. Chart Giving Wattage, Current, and Temper- 


value of transconductance, the maxi- 
mum allowable grid resistance value 
may be increased. 


ature of a Filament, Heater, or Cathode at Operating 
Voltages up to 25 Per Cent above or below Basic Voltage, 
with Sufficient Accuracy for Most Engineering Purposes. 


: = A: Accuracy drops in dotted regions. 

From the following equation it is 
possible to determine the maximum allowable value of grid resistance, 71, for any new set 
of operating conditions differing from those published. 


site at i 1 
A ls ( a Tp + ;) aids ( if | 
where, for a triode, 


AI;,/AI¢, is the ratio of plate current change per unit change in grid current; 

gr is the grid-plate transconductance in mhos; 

ris the d-c plate load resistance; 

Tp is the internal tube plate resistance; 

rx is the cathode self-bias resistance in ohms; 

pw is the triode mu; 

and where, for a pentode, 

AI;/AlI¢, is the ratio of cathode current change per unit change in grid current; 

gn is the signal-grid-to-cathode transconductance in mhos (this may be determined by 
multiplying the signal-grid-to-plate transconductance by the factor (Ip + Icg)/Ip); 

r is the screen dropping resistance; 

Tp is the internal tube screen resistance; 

rx is the cathode self-bias resistance, in ohms; 

p is the triode connected amplification factor, i.e., the mu from control grid to screen 
grid of the pentode. 


(44) 
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Cathode Volts | 1.4 20m 2.5-5.0 6.3 12.6-117 
Kinescopes 
P re magnetic deflection S5TP4 
tic deflecti 9AP4 7DP4 
Directly magnetic detection 12AP4 10BP4 
lewed| electrostatic 
deflection Ke 
Rectifiers (for rectifiers with amplifier units, see Power amplifiers) 
1 v4] pues | 
35Y4 4- 
Hat es 1B3.GT/ ley 35Z3| 352Z5-GT 
wave 8016 81 f 4523 4525-GT 
— 117Z3 
ot 574, 5W4 
5U4G, 5X4-G 6X4. 6X5 
523 [oxscr, 34/624] 
vacuum 5 dees 6ZY5-G 
Full- 80 7V4 
wave 574 724 
(5V4-G, 83-v] 
mercury-vapor 82 83 
gas Cold-Cathode Types: 024, 02Z4-G 
2525 
| 25Z6 | 
Doubler}vacuum 25Z6-GT 
50Y6-GT 
117Z6-GT 
Diode detectors (for diode detectors with amplifier units, see Voltage amplifiers and also Power amplifiers) 
One diode | 1A3 | 
Two diodes | | | 6AL5 [6H6, 6H6-GT] 7A6 | 12H6 12AL5 
Power amplifiers with and without rectifiers, diode detectors, and voltage amplifiers 
low-mu |single unit a 2A3 | eB4G 104 6A3 50t 
single unit 6AC5-GT 
Triodes |high-mu],_. : 1J6-G 6A6, 6N7 
twin unit | 146-07 [7°] 53 (Snaar | 627-G 79 
direct-coupled 
arrangement 6B5 
6BG6-G 6AQ5 14A5 [ 25L6 | 
[so3-cr +] 6L6 CVORT Parte a 
single unit ne Beal [35B5 35L6-GT] 
: 3LF4 t SOAS 
eam 6Y6G 7A5 705 [50B5, 50L6-GT] 
Tubes —— 
32L7-GT 
; : 70L7-GT 
with rectifier LE 17L7/M7-GT 
117P7-GT. | 
—— fbn Nore 35. 2 117N7-GT 
ee [, Mee Ae 6A4/LA [6AK6, 6G6-G] 6AG7 
=| H 
single unit ILA4, ILB4| 1G5-G 47 PEE Ore one areal Bao 
[184,384 t]| 155-6 59 (6K6-GT, 41] 43 
P [3Q4t, 3V41] 23) 7B5 38 89 
n- i jum- 
ae rat dina mu 6AD7-G 
with diode and 
triode 1D8-GT 
with rectifier 12A7 
twin unit 1E7-G 


eS eS 


* Cathode volts, 1.25. 


{ Cathode volts, 7.5. 


Fig. 20. Receiving Tube Classi- 
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Cathode Volts | 14 | 20 (25-50 63 (e262 1117 
Converters & mixers (for other types used as mixers, see Voltage amplifiers) 
1A7-GT | 106 | 6A7, 6A8 ee 6647) 12A8-GT 
oularsd ILA6  |*LIC7-G] | 544 6A8.G, seaear | 6SA7-GT [2Bee any 
Coe 1LC6 [ 1A6 | G 12SA7-GT 
Raut IR5 1D7-G 6sBy. Youm7BSe an7zO7) 14B8  14Q7 
ers _|triode-hexode (6K8, 6K8-G] 12K8 
triode-heptode 6J8-G 7J7 787 14J7 
octode 7A8 
Mixers |pentagrid (6L7, 6L7-G] 
Electron-ray tubes 
pain eraaee ctor 6ABS/6N5 65 /6G5 
‘Singles == 
with sharp-cutoff 
bach a 2E5 6E5 
Twin |without triode 6AF6-G 
Voltage amplifiers with and without Diode Detectors; Triode, tetrode, and pentode detectors; oscillators 
eece alOrar pe) 27 | 604 [6C5, 6C5-GT) [6P5-GT, 76] 1255-GT 
See eur W I 326:8 30 56 [6J5, 6J5-GT] 6L5-G, 7A4, 37 14A4 
with r-f 
pentode 6F7 
with power 
pentode 6AD7-G 
. with 
medium-| pentode} 1D8-GT 
mu and 3A8-GT 
diode 
: 12SR7 
with two 1B5/258 6R7, 6R7-GT ; 
diodes [‘rx6-2 |] 55 | [este o8k7, osr7] 726 85 [raster | 
Triodes ear: 6C8-G (6F8-G, 6SN7-GT] 66 | AGREE T ap 
twin unit 7N7 788 12AU7 14N7 
> he 6F5, 6F5-GT 12F5-GT 
single unit [6srs, osrs-cr] OK-GT 7B4 | ['45gn5'| 
with diode | 'H>GT 
Sea eae [Soy pore) 6AT6, 6AQ6 1\[12AT6, 12Q7-GT] 
high-mu |“ith two 2A6 B6-G, 75 6Q7, 6Q7-G ] 14B6 
diodes 6T7-G, 7B6, 7C6 6827, 6Q7-GT ||[128Q7, 128Q7-GT] 
ace 688-GT 
1 
twin unit 6807 GSLI-GT. (787 12AX7 Ul, odes cane 
Tet- |remote cutoff 35 
rodes|sharp cutoff 32 24-A 36 
—— cess 6K7-G17 6D6 [eas 6S8G7]| [I2BA6, 12SG7] 
174 gaBy/1883 [oar] 7araB7 | Liscnerl 
i it IDs. “GP 58 | 6A 4 Kon 
Se at IPSCT aller ca 6sk7 7 Lesa) vin7 12K7-GT, 1487 
remote 6SK7-GT| 6SS7 39/44 14A7/12B7 
cutoff | With triode 67 
with diode 6SF7 12817 
Sree fi 6B7 
a with two 2B7 [oas. éB8-G |7E7 7R7 12C8, 14R7 
todes|iaearadlt ment [S, 637-G, es [ 68J7 ] [12AU6, 12SH7] 
1LC5, 1LN5 bon 6C6, 6W7-G, 77. | L6SJ7-GT 12AW6 
single unit | 1L4, 1U4 | L 1B4-P J] 57 ene 6AC7/1852.  6AG5 [ 128J7 ] 
IN5-GT 15 6SH7] 7G7/1232 707 128J7-GT 
sharp 7L7 7V7 7W7 1237-GT 14C7 
cutoff |— ; TLD5 
with diode (185, 1U5] 
with two [ 1F6 
diodes 1F7-G 


t Filament arranged for either 1.4- or 2.8-volt operation. 


fication Chart. (Courtesy RCA.) 


§ Cathode volts, 1.5. 
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All the above factors can usually be obtained from published tube characteristics or are 
measurable for a given tube type with the exception of the ratio AI;/AI,z,. This ratio 
indicates that for any given amount of grid current flow there is a definite increase in 
cathode current flow. If it were possible to manufacture vacuum tubes so that with a 
negative grid absolutely no grid current flowed, the series-grid resistance could be infinite 
in value. However, for practical tubes, grid currents of the order of a microampere may 
exist due to residual gas ionization, thermal and photoelectric emission, and leakage cur- 
rents. This ratio, AIz/AI,,, for a given tube may be determined from the published max- 
imum allowable grid resistance by substituting it in the above equation, and once de- 
termined it may be used to determine a new value of maximum resistance for a new 
operating condition. 


Example. A pentode with fixed bias and fixed screen voltage has indicated a maximum allowable 
grid resistance of 0.2 megohm. What is the maximum grid resistance with full self-bias and a series 
dropping resistance from a 300-volt supply? What is the maximum grid resistance if the bias is in- 
creased so that the cathode current is reduced to one-tenth its maximum value? 

For rg = 0.2 megohm, 


Eg, = —21/2 volts 
Ecy = 100 volts 
Ec; = 0 volts 
Ey = 250 volts 
g1—p = 5000 uzmhos 
wiz = 25 
= 25,000 ohms (internal screen resistance) 


= 
tw 
I 


tep = 2.5 ma 
10 ma 


ip 
The cathode transconductance, gx, is determined by, 


Ip + Icey) _ 5000 (12.5) 


= Gly Se SE SIGE SION 
&k = 81 if: stators x mho (45) 
Aly {1 A a a A 
Then r, = —— ~) , since there are no self-bias or screen dropping resistors used. Then 
Al, 6 —6 
om = rjgk = (0.2 X 10°) (6250 X 10°) = 1250 (46) 
81 


For the new conditions the self-bias and series dropping screen resistors are 
rk = 2.5/(12.5 X 107% amp) = 200 ohms 
(300 — 100)/(2.5 X 107% amp) = 160,000 ohms series dropping screen resistor 


Teo 


The new maximum grid resistance is 


stat) = @ * T60 an me oa) A Reite @ 38 sel “) 


632,000 ohms 


Tey 


At one-tenth normal cathode current the new bias is computed to be approximately —3.7 volts, assum- 
ing that the tube obeys the three-halves power of effective voltage law. The new values are then 


rk = 3.7/(1.25 X 1073 amp) = 2950 ohms 

rig = 160,000 X 10 = 1.6 megohms series screen resistor 
= 25,000 (10)% = 53,000 internal screen resistance 
= 6250 X 1076/10 = 2910 x 10-8 mho 


From the above the new maximum grid resistance is 


Sait En ¢ Sie ae ae ¢ i za) SS 


= 4.7 megohms 


RECEIVING TUBE CLASSIFICATION CHART. Figure 20 classifies the commonly 
used receiving tubes according to their functions and their cathode voltages. It is arranged 
to permit quick determination by the tube user of the type designations of tubes applicable 
to specific design requirements. Types having similar characteristics and in the same 
cathode-voltage groups are bracketed. 


Se 
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6. TYPICAL VACUUM-TUBE CHARACTERISTIC CURVES 


The following vacuum-tube characteristic curves were selected as representative of the 
triode (type 10), the tetrode (type 865), and the suppressor-grid pentode with normal (type 
57) and with remote-cut-off control grid (type 58). The data were furnished by the RCA 
Radiotron Division, RCA Mfg. Co., Ine. 
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Fig. 23. Typical Triode (Type 10) 
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Plate (I) or Screen (Ic,) Milliamperes 
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Plate Volts 
Fic. 24. Typical Tetrode Characteristics (Type 865) 
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Fig. 25. Typical Tetrode Characteristics (Type 865) 


4-36 


ELECTRON TUBES 


30 
Veal (isi 
| 
Type - 865 im 
Average as 
Characteristics ES o 
Ep=7.5 Volts D.C. 
Plate Volts=500 D.C. ‘<) S) in) 
Ge 
{ 7. 20 
9 S 
S iv, % 
Sj 
im RS ae 
: 
Pa Si : 15 
ia ‘im mat 
t a) C] 
pes ee 
I RS 
10 
iD 
im y 
a | 
i= - | im 
| 
5 
[| + = [Tt TT : 
34410 
Ic, Ect aul 4 
£20 
£30 s 
50 100 150 200 250 
Screen Grid Volts 
Fria. 26. Typical Tetrode Characteristics (Type 865) 
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Plate (I) or Screen (I¢,) Milliamperes 
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Characteristics 
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Fig. 28. Typical Pentode Characteristics (Sharp Cutoff Type 57) 
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Fig. 29. Typical Pentode Characteristics (Remote Cutoff Type 58) 
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MAGNETRONS 


By W. B. Hebenstreit 


In this section only those magnetrons of circular cylinder geometry will be considered. 
A cylindrical anode is coaxial to an emitting cathode, and the elements are mounted in a 
vacuum envelope. A static magnetic field is parallel, or nearly parallel, to the axis of the 
cathode, and a d-c potential applied between the cathode and anode sets up a radial, 
static electric field. Under conditions of oscillation, the electrons also interact with an 
a-c field. 


7. THE NON-OSCILLATING MAGNETRON 


The simplest example is the non-oscillating solid anode magnetron. Under the influence 
of the electric field, the electron is impelled to move toward the anode. The magnetic 
field results in a force on the electron which is normal both to the direction of motion and 
to the direction of the magnetic field. Theoretically, there is a minimum critical voltage, 
V-, called the cutoff voltage, for each value of the magnetic field, B, for which electrons 
will just reach the anode. The formula * for the cutoff voltage is 

eB*r,? 

Ve = ano (l= Ge (1) 
where e is the electronic charge, m is the electronic mass, rq is the anode radius, and o is 
the ratio of the cathode radius to the anode radius. In this formula it is assumed that the 
electrons have zero velocity at the cathode; in addition the relativistic effects, which 
become significant at high voltages, are neglected. Since V, is proportional to B2, the 
locus of eq. (1) for any given geometry is often referred to as the cutoff parabola. 


8. THE OSCILLATING MAGNETRON 


Principal current interest lies in the use of a magnetron as a self-excited oscillator. A 
convenient classification of oscillating magnetrons can be made by distinguishing among 
the several ways in which electrons interact with the a-c fields to sustain oscillations. 
For this purpose, three types of interactions can be identified. 

Type I. The Negative Resistance Magnetron. If the anode of the magnetron is split 
into halves and one half is raised to a higher potential than the other, under certain condi- 
tions, most of the electrons will go to the plate of lower potential. In this event, a negative 


* Unless otherwise indicated, mks units will be used in articles 7-9. 
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resistance exists between the two halves of the anode, and oscillations will be sustained in 
a tank circuit which is connected between them. 

Type II. The Cyclotron Frequency Magnetron. In the neighborhood of cutoff (see 
eq. [1]), the solid anode magnetron will sustain oscillations if the terminals of an L-C tank 
circuit are connected between the cathode and anode. The wavelength of the oscillations 
which will be sustained is given by 


AB = Constant (2) 


The most commonly observed value of the constant is about 15,000 centimeter-gausses. 
The disadvantage of this type of magnetron is that the electronic efficiency is very low. 


ROTATING ANODE 
POTENTIAL WAVE 


ELECTRON 
ORBITS 


~ a= 
ww Pewee eee 


Fria. 1. Approximate Configuration of a Space-charge Cloud of an 8-segment Magnetron Operating 
in the 7-mode 


The electrons that initially absorb energy from the field are removed from the interaction 
space within approximately one cycle either by striking the anode or by being returned 
to the cathode. Those electrons that initially yield energy to the field stay in the interac- 
tion space for a longer time. However, after they have lost their energy they begin to 
reabsorb it again unless some method is provided for their removal. This is sometimes 
done either by tilting the magnetic field slightly with respect to the axis of the cathode or 
by installing electrodes at the ends of the interaction space which are made positive with 
respect to the cathode. In either method the electrons that have given energy to the r-f 
field are drawn off at the ends if the interaction space is. short enough. 
Type II]. The Traveling Wave Magnetron. In this magnetron, the anode consists of 
a number of segments. In operation, an r-f standing wave pattern exists in the interaction 
space between the cathode and anode. In general, standing wave patterns may be thought 
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of as being composed of two waves traveling in opposite directions. The standing wave 
pattern in the interaction space is composed of two traveling waves rotating in opposite 
directions around the interaction space. 

Oscillations are sustained by interaction between one of the traveling-wave components. 
and the electronic stream. The electronic stream assumes the shape of a spoked cloud 
which is centered on the axis of the tube as is indicated schematically in Fig. 1. The 
spokes wheel around the interaction space in synchronism with one of the components of 
the rotating wave in such a phase that the spokes are in a retarding tangential * electric 
field. That is to say that the electrons in the spokes are yielding energy to the r-f field. 
Those electrons that come from the cathode in such a phase as initially to absorb energy 
from the field are returned to the cathode 
after only one orbitalloop. Figure 1 shows 
the computed paths of electrons emitted 
at several different phases. The paths 
are drawn as they would appear to an 
observer stationed in a system of coordi- 
nates which is centered at the axis of the 
tube and which is rotating with the same 
angular velocity as the rotating wave. 

This selective mechanism, that is, the 
mechanism by which the unfavorable elec- 
Fia. 2a. Schematic Representation of a Hole and trons are rejected by being returned to 

Slot Magnetron the cathode in a relatively short time and 
the favorable electrons are grouped into 
spokes which stay in a retarding r-f field, 
results in very high electronic efficiencies. 
Electronic efficiencies of 60 per cent are 
not uncommon. 

Associated with the segments of the 
anode is a system of resonators. The 
resonator system may assume any one of a 
variety of forms. One of the commonest 
forms is illustrated in Fig. 2a. This figure 
is a schematic representation of the hole- 
and-slot-type magnetron. Each hole and 
slot can be thought of as an L-C tank cir- 
cuit with an associated resonant frequency. 

In the rising sun structure, illustrated 
in Fig. 2b, resonators of one resonant fre- 
quency alternate with resonators of an- 
other frequency. In normal operation, 
Fic. 2b. Schematic Representation of a Rising Sun the operating frequency of the ensemble 

Anode Block is roughly midway between the resonant 
frequencies of the two sets. 

From the standpoint of practical application, the traveling-wave magnetron is by far 
the most important type of magnetron oscillator. It will be the exclusive concern of article 9, 
and, unless explicitly stated, the term ‘‘magnetron’’ will mean a traveling-wave magnetron, 


9. OPERATION OF THE TRAVELING-WAVE MAGNETRON 


THE R-F PATTERNS OF THE MODES. In a magnetron of N segments there are 
N possible modes of oscillation. The different modes have periodicities of n, where n is 
any of the integers 0, 1, 2, ---N/2if N is even, and 0, 1, 2,---, (N — 1)/2if Nisodd. A 
mode number, or designation, is numerically equal to n. Periodicity is here defined to 
mean the integral number of repeats of a field pattern in a single revolution around the 
anode at any given instant. 

The tangential component of the r-f electric field is zero across the face of a segment. 
Therefore, the field distribution of a given mode will be the sum of an infinite series of 
harmonics. Each harmonic will have a periodicity of k. The only values of k possible are 
those for which 

k=n-— pN (3) 
where p is any integer—positive, negative, or zero. If the tube is of the rising-sun variety, 
pees eee aerate at ene ee te eee Oa oy a ee 


* The type III magnetron is also called the tangential resonance magnetron. 
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Fig. 3. Field and Potential Distributions of the Modes in an 8-segment Magnetron 
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where the resonators which connect the segments are alternately large and small, the 


allowed values of & will be given by 


k=n-py (3a) 


That is, there will be a set of harmonics associated with each of the two sets of resonators. 

The mode for which n = N/2 is sometimes called the 7 mode for the reason that adja- 
cent segments are 180°, or 7 radians, out of phase. 

All the modes except the zero mode and the 7 mode occur in pairs, or doublets. The 
two members of a doublet have the same periodicity although they usually differ in fre- 
quency and the patterns are displaced with respect to one another in such a way that a 
current loop in the funda- 
mental of one pattern occurs 
in the same position as a cur- 
rent node in the fundamental 
of the pattern of the other. 

Some of these principles are 
illustrated in Fig. 3 for an 
eight-segment tube. For clar- 
ity only the electric flux lines 
of the fundamental compon- 
ent are shown in the inter- 
action space. To illustrate 
the field configurations in the 
resonators, only the magnetic 
flux lines are shown. Below 
these are plotted the distri- 
butions in potential for the 
fundamental component. The 
reason for the existence of 
only one z-mode is illustrated 
in Fig. 3. The cos 46 solution 
corresponds to zero potential 
on all the segments. 

Although the frequencies of 
the several modes are usually 
different, all the harmonics 
of a given mode are at the 
same frequency. Thus, if 
fn( =Wn/2m7) is the operating 
frequency of the nth mode, 
—-—-= CONSTANT POWER OUTPUT- KILOWATTS then the angular velocity of 
—-—-- CONSTANT OVERALL EFFICIENCY the pth harmonic of the rotat- 

TYPICAL OPERATING POINT ing wave is wn/k, where k is 
given by eq. (3). This point 
is stressed for the reason that, 


24 


OC VOLTAGE,V,IN KILOVOLTS 


CONSTANT MAGNETIC FIELD-GAUSS 


8 12 16 20 24 28 32 in steady-state operation, the 
DC CURRENT, 1,IN AMPERES electronic stream interacts 
Fie. 4. Magnetron Input V-I Characteristic with only one harmonic of 


one mode at any instant. 
INPUT CHARACTERISTICS. The d-c voltage for which an electron will just reach 
the anode for an infinitesimal r-f voltage on the anode of frequency f and periodicity k is 


given by 
2 
Ve ns B [3 sf | (4) 


Equation (4) defines a threshold voltage. Empirically it is approximately equal to the 
operating voltage at low currents although changes in the r-f loading will cause changes in 
the input d-c voltage. 

For any fixed loading the input voltage varies approximately linearly with input cur- 
rent for any fixed value of magnetic field, as is indicated in Fig. 4. Figure 4 shows voltage 
plotted as a function of current for various values of magnetic field. In addition to the 
constant magnetic field lines, contours of constant efficiency and constant power output 
are also shown. A method for obtaining the type of data required for such a V-I char- 
acteristic is described in Section 11, Microwave Measurements. 
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Although the performance chart in Fig. 4 is typical, it does not indicate the possible 
range of operating characteristics and parameters of magnetrons. Table 1 lists operating 
data for five magnetrons. The data for each tube are for some one point on its V-J char- 
acteristic. The most striking thing about the data is the large range of variation of the 
several parameters without any apparent correlation. It will be shown in the sequel, 
however, that the data do fit into a logical scheme. 


Table 1 
Magnetic | R-f Power 
Hxample Benen es ie Current, field, Output, 
centimeters volts amperes pauses Watts 
I 1 15,000 15.0 8,000 75,000 
II 3 30,000 40.0 8,000 500,000 
Ill 5 2,500 0.1 3,000 100 
IV 10 50,000 200.1 2,500 4,000,000 
Vv 50 2,000 1.0 800 1,000 


SCALING. If, in the examples in Table 1, all the tubes were assumed to be working 
in an equivalent way (for example, all with the same electronic efficiency), then the data 
shown, together with the geometrical parameters, would correlate in accordance with the 
principles of scaling. The principles of scaling state that in the variation of the parameters, 
VY, I, B, h, ra, and X, where h is the anode length, equivalent operation may be obtained 
by maintaining the following three parameters invariant: 


ry YQ)» ° 


In addition, it is assumed that the ratio of cathode radius to anode radius and the number 
of segments also are maintained constant. 

It would be instructive to consider an example of the type of scaling in which every 
linear dimension is scaled by the same factor, S. Let the unprimed quantities represent 
the tube from which it is desired to scale, and let the primed quantities represent the tube 
to be derived; then 


IN > SPN 
Ta? =)S7e 
Laon 
From (5), since (A’/h’) = (A/h) and (A’/ra’) = (A/ra), 
B 
(ae. fee Ps et 
Ve mVe i JE 18} 3 


Thus, the new tube will work at the same voltage and current but the new magnetic field 
will be 1/S times the original magnetic field. This type of scaling is most useful when the 
factor S does not differ greatly from unity. Ordinarily it cannot be applied if S is very 
large or very small. For example, suppose that \ = 30 em and )’ = 3 cm. In this case, 
S = 0.1, and, since J = I’, the surface current density at the cathode will be up by a 
factor of 100 in the new tube. A current density of 10 amp per sq cm in the 30-cm tube 
is a quite moderate figure. A current density of 1000 amp per sq cm cannot be attained 
with present techniques. In order to scale over such wide ranges, it is usually necessary to 
extend the scaling laws to include N and o. When these parameters are included, the 


quantities that must be kept invariant are 


2 22) Gow G+i) mone 
Ta Ta h o 


where k is used instead of N to emphasize the importance of the field periodicity. In 
m-mode operation k will be N/2. hoes 

Sealing in accordance with the invariants in (5) and at the same time maintaining the 
same N and o gives fairly accurate results. Scaling in accordance with the invariants in 
(5a) will give good results in predicting currents, voltages, and magnetic fields. However, 
it is usually found that equivalence does not hold for large changes in N or in o. In 
particular it is usually found that electronic efficiency decreases with increasing N and 
increasing o. 

MODE SEPARATION AND MODING. The frequencies of the several modes are 
separated by an amount which depends upon the type and degree of coupling among the 
several resonators. Such mode separation is advantageous for the reason that it allows 
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SEC. A-A 
SHOWING LOCATION 
OF STRAPS IN TOP 

OF ANODE 


Fic. 5. Magnetron Anode Strapping Methods. (a) Early British, (6) single ring, (c) echelon, (d) double 
ring. 
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the desired mode of operation to be excited independently of the other modes. This 
appears to be one of the conditions necessary for high electronic efficiency. 

From eq. (3) it might also seem desirable to separate the values of f/k in order that no 
two modes have the same threshold voltages. This has appeared to be true in some cases, 
but, in general, when taken alone, this condition is an unreliable index of the possibility 
of moding. The problem is complicated by several factors including, principally, such 
things as relative r-f loading of the modes, the noise levels at the start of oscillations, the 
transient behavior of the modulator and power supply, and the instability of the space 
charge of the magnetron at high current levels. A complete analysis of moding is beyond 
the scope of this article. However, a few general remarks can be made. In these remarks, 
it will be assumed that N is even and the z-mode operation is desired. 

Two distinct types of moding have been observed. One, called the mode skip, occurs 
principally in the high-voltage pulse magnetrons. The magnetron fires in both the 7 mode 
and an unwanted mode. (‘Unwanted mode” is to be considered as being defined here so 
as to include a non-oscillating state which sometimes occurs.) However, it fires in only 
one mode during any one pulse. It alternates between the two modes in more or less 
random fashion. This type of moding can usually be cured either by reducing the r-f 
loading on the magnetron, by reducing the rate of rise of the applied voltage pulse or by 
reducing the applied voltage, or by a combination of the three. 

A mode shift, the other type of moding, is encountered chiefly in low-voltage c-w mag- 
netrons. It consists of a shift from one mode to another. One of its principal causes is 
an inherent instability in the space charge at high current. In general, it can be cured by 
veducing the r-f loading or by reducing the operating current. In the pulsed case, a mode 
shift is usually observed to occur during a single pulse and is relatively unaffected by 
changes in the rate of rise of the applied pulse. If the cathode is well designed, the high 
current instability will occur at currents which are lower than those necessary for tempera- 
ture limitation. Occasionally, however, mode shifts have been observed which involve 
instability due to temperature-limited operation. 

METHODS OF MODE SEPARATION. The two most important devices for achiev- 
ing frequency separation of the modes involve the use of straps and of the rising-sun 
structure. 

Figure 5 shows several strapping methods schematically. One of the most widely used 
is the double ring strapping of Fig. 5a, in which there is a pair of concentric rings at each 
end of the anode. One ring of a pair is connected to one set of alternate segments. The 
other ring is connected to the other alternate set of segments. In 7-mode operation, one 
strap or ring is everywhere at the same potential and the two rings at one end are 180° 
out of phase. Hence, the straps constitute mainly a capacitance loading of the resonators 
with a resultant increase in wavelength in the 7 mode over the unstrapped case. In the 
nm = 1 mode, the potential distribution on a strap is almost sinusoidal and periodic in only 
one revolution around the anode. Moreover, the two rings in a set are at nearly the same 
potential. Thus, the principal effect of straps in the n = 1 mode is a shunt inductance so 
that the n = 1 mode wavelength will be less in the strapped case than it is in the unstrapped 
ease. Modes in between the n = 1 and the 7 mode will be affected in a way intermediate 
between the two extremes first mentioned. That is, as m increases from 1 to N/2, the 
inductance effect of the straps decrease while the capacitive effect increases. 

Figure 6 shows the mode spectra of three different types of 18 segment magnetrons. 
The spectrum in Fig. 6a is for an unstrapped symmetrical tube, that in Fig. 6b for 
a strapped symmetrical tube, while Fig. 6c shows the spectrum for a rising-sun tube. 

At wavelengths shorter than 3 cm, the mechanical problem of making strapped mag- 
netrons becomes very difficult. The rising-sun structure avoids this difficulty by provid- 
ing mode separation without straps. It works on the principle that the normal mode 
frequencies of a system of resonators become separated by the introduction of asymmetries. 
The mode spectrum of the rising sun is composed of two branches. Each branch is asso- 
ciated with one of the two sets of resonators. 

OUTPUT COUPLING. The r-f energy can be coupled to the load in several ways. Of 
these, two are of major interest: loop coupling and wave-guide coupling. The first type is 
indicated schematically in Fig. 2a; the second is shown schematically in Fig. 7. In Fig. 7, 
coupling is obtained through a slot in the back of one of the resonators. The quarter-wave 
low-impedance transformer section steps down the impedance of the wave guide, which is 
of the order of a few hundred ohms, to the low impedance required at the slot opening, 
which is, in some cases, as low as 1 or 2 ohms. 

The choice between loop output or wave-guide output is usually made on the grounds 
of mechanical feasibility and convenience. At wavelengths greater than 10 em, r-f trans- 
mission is ordinarily done in coaxial lines. The size of choke assemblies and window struc- 
tures in wave guides makes them cumbersome and difficult to fabricate. For these rea- 
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Fria. 6. Mode Spectra for Three Different Types of 18-segment Magnetrons Having the Same m-mode 
Wavelexgth. (a) Unstrapped symmetrical magnetron, (b) strapped symmetrical magnetron, (c) rising 
sun magnetron. 


UNIFORM OUTPUT WAVEGUIDE 
TRANSFORMING 


MAGNETRON SECAION 
RESONATOR 
SYSTEM 


Fig. 7. Illustration of a Method of Wave Guide Output Coupling 
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sons, loop coupling outputs are usually found at the longer wavelengths. Below 10 cm, 
wave guides are usually used for transmission, and the physical size of wave-guide outputs 
is reduced to manageable proportions. 

In common with any self-excited oscillator, the efficiency and frequency stability of a 
magnetron depends upon the amount of coupling between the magnetron and the load. In 
addition, for any given coupling, the efficiency and frequency stability will change as the 
amount of loading is changed. A quantitative measure of the variation of efficiency and 
frequency with loading is obtained from a Rieke diagram, an example of which is shown in 
Fig. 8. Contours of constant power output and contours of constant frequency are 


CONTOURS OF CONSTANT POWER OUTPUT 
—==——=— CONTOURS OF CONSTANT FREQUENCY 


Fia. 8. Rieke Diagram 


plotted on a polar diagram. Load impedances on a polar diagram may be specified by a 
characteristic impedance of the transmission line into which the magnetron is coupled, 
together with a reflection coefficient. The modulus of the reflection coefficient is propor- 
tional to the distance from the pole of the diagram while its argument is proportional to 
the angular displacement around the diagram. The load line characteristic impedance 
Zo, the load impedance Z, and the voltage reflection coefficient r are related by 


r= > = pelt (6) 
0 


where p is the modulus and ¢ is the argument of r. The region on the Rieke diagram of 
high power and high frequency density is the region of heavy loading. The center of the 
diagram corresponds to a matched load; that is, the load impedance is equal to the trans- 
mission-line characteristic impedance. Ordinarily, the loading is maintained constant, at 
the match point, over the V-I characteristic, as in Fig. 4. On the other hand, the magnetic 
field and either the current or voltage is held constant over a Rieke diagram. A descrip- 
tion of some of the techniques for obtaining the data for a Rieke diagram and a discussion 
of polar diagrams will be found in Section 11, Microwave Measurements. ; 
A quantitative measure of the frequency stability with respect to perturbations in 
loading at the match point is the pulling figure. Pulling figure is defined as the greatest 
excursion of frequency observed as the modulus of the reflection coefficient is maintained 
constant at a value of 0.2 and its phase angle is varied through 360°. For the example 
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shown, the pulling figure is about 0.2 per cent of the center frequency. For a magnetron 
operating at a wavelength of 3 cm this would represent a pulling figure of 20 Me. 

If the coupling from the magnetron to the transmission line is made tighter, the power 
output and the pulling figure at the match point will both increase. Nearly all magnetron 
output circuits are designed to provide some predetermined compromise of efficiency and 
pulling figure when the tube is operated into a matched line. 

TUNING. The frequency of oscillation is determined almost entirely by the geometry 
of the cavities, that is, by the equivalent inductance and capacitance of the oscillator tank 
circuit. In order to tune the magnetron, it is necessary to change either the inductance 
or capacitance or both. 

Figure 9 shows three tuning methods schematically. The inductive pin tuning method 
is depicted in (a). An array of copper pins is disposed so that they may be inserted and 


p---4---4 


Fie. 9. Methods of Magnetron Tuning. (a) Inductive pin, (0) segment-to-segment capacitance, (c) 
strap-to-strap capacitance, 


withdrawn from the inductive portion of the resonators. As the pins are inserted, the 
effective inductance is decreased and the frequency goes up. Capacitance variation 
schemes are shown in Figs. 9b and 9c. In (6), a movable conducting ring changes capaci- 
tance between the segments. In (c), the ring changes the capacitance of the straps. 
The schemes shown in (a) and (c) are capable of giving tuning ranges of about 20 
per cent. The scheme shown in (6) is usually limited to a somewhat shorter tuning 
range for the reason that different modes tune at such widely varying rates with 
respect to tuner displacement that the 7 mode tunes but a relatively short distance before 
encountering interference from other modes. 
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KLYSTRONS 


By A. L. Samuel 


Electron tubes which make use of the principle of velocity modulation are now known 
as klystrons. The name klystron was originally a registered trademark. It is now applied 
to all tubes of the same general type without regard to the manufacturer. A klystron 
has been defined by the IRE as an electron tube in which the distinguishing features are 
the modulation or periodic variation of the longitudinal velocity of an electron stream 
without appreciable variation of its convection current and the subsequent conversion of 
this velocity modulation into convection-current modulation by the process of punching. 
All commercial tubes of the klystron type make use of cavity resonators, although such 
vesonators are not, in principle, essential to their operation. Two types of klystrons are 
in general use: tubes of the first type bear no further designation: tubes of the second 
type are referred to as reflex klystrons or simply reflex tubes. 


10. KLYSTRONS (EMPLOYING TRANSIT TIME BUNCHING) 


A few typical klystrons are shown in Figs. 1 and 2. As already stated, it is customary, 
although not essential, to employ resonant cavities as the tuned circuits associated with 
the input and output portions of these amplifiers. These cavi- 
ties take the place of conventional circuits and must be tuned 
to the operating frequency. They may be partly external to 
the tube proper, or they may form an integral part of the tube 
as supplied to the user. Cavities are used because they produce 
larger effective fields in the interaction gap regions than could 
be obtained by any other means. 

The basic principles of the klystron amplifier may be ex- 
plained by referring to Fig. 3. This figure illustrates a tube 
which consists of (1) an electron gun, composed of a heater, a 
cathode, and auxiliary focusing electrodes; (2) an input region 
called the input gap, defined by two grids which in this case 
form a part of a cavity resonator; (3) a conversion region called 
the drift space which is relatively free of electric or electro- 
magnetic fields; (4) an output region, called the output gap, 
again defined by two grids which form a part of a second cavity 
resonator; and (5) a collector electrode whose sole function is to 
collect the electron stream after it has traversed the working 
region of the tube. These five portions of the tube correspond 
directly to the five essential operations that must be performed 
in any electron tube. The separation of these operations MAKeSI Talia Al Typical ives 
it possible to consider them separately and to explain the opera- tron of the Integral Cavity 
tion of the device in very simple terms. These operations are, Type Shown without Its 

: Tuner. (The 3K30 oscil- 
obviously, (1) the production of an electron stream, (2) the lator ampiaer) 
modulation or variation of some property of this stream in ac- 
cordance with an input signal, (3) the conversion of the original modulation into a form in 
which it can be utilized, (4) the utilization of the stream to produce an output signal, and 
(5) the collection of the electron stream. 

Referring to Fig. 3, the field in the input gap region of the tube varies the velocity of 
the electron stream in a cyclic manner, the variation in velocity being assumed to be small 
compared to the average velocity imparted to the stream by the d-c fields. Those electrons 
which arrive when the field is in an aiding direction are speeded up; those arriving a half 
cycle later are slowed down. The contributions in energy made by the field to some of the 
electrons of the stream is nearly balanced by the energy taken from those electrons which 
are slowed down. The modulating process, therefore, requires substantially no power, 
most of the input power being consumed by chmic losses in the walls of the input cavity. 
All the electrons, except those intercepted by the grids, proceed through the next region 
of the tube, the so-called drift space, where the electron stream becomes bunched through 
the simple process of the faster electrons, that is, those that are speeded up by the field in 
the input gap, overtaking the group of slower electrons that precede them. This bunching 
process converts the original velocity modulation into a variation in the rate at which 
electrons pass any given point. The stream as it crosses the output gap appears super- 
ficially like the stream of electrons in the screen-grid plate region of the conventional space- 
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Fia. 1b. The 3K30 Shown in Section with an 11-C Tuner Attached 


charge control tetrode. It, therefore, induces currents in the output cavity and delivers 
power to the output in just the same way that an electron stream delivers energy to the 


Fie. 2. The Type 2K47 Klys- 
tron Frequency Multiplier 


amplifier. 


field between the screen and the plate of the conventional 
tube. The tuning of the output cavity must be adjusted to 
cause the maximum value of the field to occur in a retarding 
direction at the time that the effective center of an electron 
bunch crosses the output gap. Finally, the spent electron 
stream is collected by a final electrode where the energy re- 
maining in the stream is dissipated as heat. This is to be 
contrasted with the ac- 
tion in the conventional 
tube where the plate Output 
performs the dual func- 
tion of providing the Output 
output circuit retarding Terminal 
field and of dissipating 
unused energy as heat. 

An interesting possi- 
bility exists in the klys- Input 
tron amplifier of utilizing Terminal 
the electron stream in e Input 
cascade to provide either yea 
a multistage amplifier or 
a combination function 
device such, for example, 
as an oscillator buffer 


= —__ Collector 


| ——Output Gap 


Drift Space 


Input Gap 


Electron Gun 


Fig. 3. A Sectional View of a Klystron 
Amplifier 


When the electron stream traverses the output gap in the simple amplifier, it 


obtains an augmented velocity modulation as a result of the higher field intensity existing 
in this cavity—this at the same time that the stream delivers energy to the cavity because 
of its bunched condition. This augmented modulation is in quadrature with the original 
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modulation. At low modulation levels, such as those obtained in an amplifier, it can_be 
thought of as existing quite independently of the original modulation. In the ordinary 
two-cavity single-stage amplifier, no use is made of this added modulation. However, by 
providing a second drift space and a third cavity, an additional stage of amplification can 
be obtained. The middle cavity or cascade cavity need have no external connection, al- 
though, if broad band amplification is desired, it is 
necessary to load this cavity in some fashion to reduce 
its effective Q to a value comparable to that of the 
input and output cavities which are loaded by their 
external circuit connections. 

The gain of a klystron amplifier varies with the 
input signal level in quite a different way from the 
behavior of other types of amplifiers. At low levels, 
the gain depends only on the beam current, the beam 
voltage, and the physical dimensions of the tube. 
However, as the drive is increased beyond a certain Z Pees 4 “ 
point, the phenomenon of overbunching sets in and Fia.4. The Variation in Output Power 
the gain begins to decrease. Eventually a maximum With the me Ova tare cceics 
output is reached; with a further increase in the input, 
the output actually decreases. This is illustrated in Fig. 4, where the output as a fuuction 
of the input is plotted for a typical klystron amplifier. 


Output 


Input 


At low levels, the gain of a klystron amplifier is given by 
Gain = Z|Z2M\?M2?S? qd) 


where Z) and Z2 are the impedances of the input and output cavities respectively as measured across 
the interaction gaps. The parameters M; and Mp2 are the absolute values of the input and output 
beam coupling coefficients or so-called modulation coefficients and express the effectiveness with which 
the fields in the cavities interact with the electron stream. The parameter S is the absolute value of 
the beam transadmittance and is a measure of the ratio of current variation produced by the bunching 
process to the equivalent voltage variation impressed on the beam. 

The cavity impedances can be measured directly if desired, or they may be computed from measured 
values of the characteristic impedance and Q of the cavity. 

The absolute value of the beam coupling coefficient for the gap between two axial cylinders 
without grids varies for different electrons depending upon their distance from the axis of the beam. 
The value for that portion of the beam lying at a radial distance from the axis of 6p where 0p is expressed 
in radians at the operating frequency and with tubes having a radius of 6; (also in radians) is given by 


_ sin (g/2) | Io(p) (2) 
62/2 I(r) 
where the Io’s are modified Bessel functions of the first kind. 
The absolute value of the beam coupling coefficient for an interaction gap between ideal grids is 


aed — sin (02/2) 

04/2 
where 0 is the electron transit angle of the gap defined as the time required for the unmodulated electron 
beam to cross the gap measured in radians at the operating frequency. The value of 6 may be com- 
piled from 


M (3) 


3180X 
Og = 
W/V 
where X is the gap spacing, ) is the free space wavelength corresponding to the operating frequency, 
and V is the voltage corresponding to the velocity of the electron beam. The parameters X and X 


are measured in the same units (usually centimeters), and Ve is in volts. eo 
The absolute value of the beam transadmittance for low signal levels is given by 


(4) 


S = —oa (5) 


where @ is the electron transit angle in the drift space, J is the beam current in amperes, Vo is the 
beam voltage, and o is a reduction factor to account for certain space-charge effects that will not be 
discussed. In well-designed amplifiers, the parameter o is usually of the order of 0.5 at the recommended 
operating conditions and increases to 1.0 as the beam current (at a given voltage) is decreased to a 
low value. 

At high levels the beam transconductance is sometimes expressed as 


S = 2IJ, -—-—~ (6) 


where V is the value in volts of the velocity modulation impressed on the beam, and J} is a Bessel 
function of the first kind. 

This expression is based on kinematic considerations only and neglects space charge and other 
sources of non-linearity. It may be used as a rough basis for predicting the general behavior of a 
klystron amplifier for large signals, but it does not agree quantitatively with experimental results. 
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11. REFLEX KLYSTRONS 


A reflex tube or reflex klystron is a special form of the klystron oscillator employing a 
single cavity with a single interaction gap to perform the functions of both the input and 
output circuits (see Figs. 5 and 6). The 
electron stream is velocity modulated on a 
first transit of this gap and is forced to 
cross the gap a second time by means of a 
repelling or reflecting field. The electrons 
become bunched in the process of reflection, 
the speeded-up electrons penetrating the 
field to a great distance and therefore 
ZI taking longer to return than the slowed- 
a a ae down electrons in just the same way that 
a ball thrown upward in the earth’s gravi- 
tational field takes longer to return if 
thrown with high velocity than if thrown 
with low velocity. In order for the oscilla- 
tions to be self-sustained, the returning 
bunches of electrons must arrive at the 
interaction gap at the correct phase of the 
alternating field, that is, when the field has 
its maximum value in the retarding direc- 
tion. This requires that the electrons re- 


main in the reflecting field region for a 

Fic. 5. The 707A Reflex Klystron Employi was . c 
External Cavity, Shown with the Cavity Panty critically valued length of time, a time 
Disassembled that is approximately n-+ 3/4 cycles at 


: the operating frequency, where n is any 
integer equal to or greater than zero. This time can be adjusted by varying the velocity 
of the beam as it crosses the gap on the first transit or, more usually, by varying the 
voltage of the zepeller. As the voltage of the repeller is varied, a series of operating regions 
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Fic. 6. The 2K25 Reflex Klystron, a Mechanically Tuned Tube of the Integral Cavity Type 


called modes will be observed corresponding to different values of n in the above relation- 
ship. Only a limited number of modes corresponding to values of n from 1 or 2 to 4 or 5 
are actually observed, and usually only one or two of these modes produce enough power 
to be useful. The variation in the output power for a typical reflex tube is shown in Fig. 7 
It will be observed that oscillations are actually produced for a limited range in voltage 
in the vicinity of the optimum. values, and that a variation of frequency occurs as shown 
by the top curves. This variation in frequency with voltage is called electronic tuning. 
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Electronic tuning is often employed as a means for critically adjusting the operating 
frequency in applications where the accompanying variations in the output power can be 
tolerated, such, for example, as a local 
oscillator in a superheterodyne receiver. 
Electronic tuning finds its greatest useful- 
ness in connection with automatic fre- 
quency control circuits. Since the, mode 
with the highest output has the smallest 
electronic tuning band width, a compromise 
must often be made between output and 
tuning range. The electronic tuning range 
is generally small as compared to the usual 
mechanical tuning range. When electronic 
tuning is employed, it is essential that the 
mechanical tuning be adjusted so that the 
operating point falls somewhere near the e 
middle of the electronic tuning range where -700 -600 —500 —400 -300 —200 -100 O & 
the frequency can be shifted a reasonable Reflector Voltage 
amount in either direction with the elec- Fie. 7. A Typical Mode Curve for a Reflex Klys- 
tronic control without too much change in tron Showing the Variation in Output Power and 

A é i Frequency with the Reflector Voltage (Data for 
output power. Electronic tuning and other the 2K41 Tube) 
associated phenomena can be explained by 
considering the way in which the impedance of the electron stream as seen by the cavity 
varies with the electron transit time in the repeller region. 


megacycles 


Frequere? Goviatione 


(per cent) 


Figure 8 is a plot of the small signal beam conductance showing the relationship 


oe M6I J,\(VM0/2V0) iF) 
2Vo VM6/Vo 


where the first term represents the magnitude of small signal admittance, and the last term is the 
phase angle. Here 0@ is the transit angle in the repeller region, and the rest of the symbols have the 
same significance as in the article 
on klystrons employing transit 
time bunching. The second term 
accounts for the decrease in mag- 
nitude of the conductance which 
occurs for large signal levels and 
is similar to the compression term 
appearing in the expression for 
the small signal transadmittance 
of the klystron amplifier. The 
final term gives the phase angle 
of the conductance. 

If the real part of this admit- 
tance is negative and larger in 
magnitude than the positive real 
component of the cavity admit- 
tance, oscillations will build up 
until limited by the non-linearity 
given by the second term. Under 


Yff 
stable operating conditions, the 
relationship 
Y¥g+Y¥c=0 (8) 
must be satisfied, where Y-; is the 
admittance of the cavity. The 
cavity may be assumed to behave 
as a simple shunt tuned circuit 
Yi) in the vicinity of the resonant 
fi 


requency so that 
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Fia. 8. The Admittance of the Electron Stream as Viewed from the 4 
Cavity for a Reflex Klystron. Oscillations can occur only in the re- y, = G + J (fe ah =) (9) 
gion where the negative conductance of the beam exceeds the pos- Qo \wo a 


iti ductance of the circuit. 7 7 
Sins a where G is the cavity conduct- 


ance, Qo is the cavity Q, wo is the angular frequency at resonance, and w is the angular frequency cor- 
responding to the particular value of Y~. The negative of this value is plotted in Fig. 8 and appears 
as the straight line to the left of the imaginary axis. 

Oscillations will not be sustained for all values of Y¢g lying in the shaded area on the figure. For values 
of Y, lying to the left of the Y- line, oscillations will build up until Y¢ sinks along a radial line arriving 
at a stable operating point on this line. If the operating point lies on the real axis, the oscillations will 
occur at the resonant frequency of the cavity. Operating points off the axis correspond to oscilla- 
tions at a frequency which differs from the resonant frequency by a sufficient amount to provide 
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the necessary reaction component of admittance specified by the operating point. This effect is called 
electronic tuning. 


The output impedance characteristic of a reflex tube can best be illustrated by plotting 
this characteristic on the reflection coefficient plane (sometimes called a Rieke diagram on 
a Smith chart). <A typical plot is shown in Fig. 9, where lines for constant power are shown 
solid and lines for constant frequency are plotted on a background of orthogonal circles 
representing fixed values of the resistive and reactive components of the load impedance. 
The region on the plot where the constant-frequency lines tend to converge is called the 


F=9360 MC 
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Fic. 9. The Variation in Output Power and Frequency with the Load Impedance for a Typical Reflex 
Klystron (the 2K25) Shown on the Reflection Coefficient Plane 


frequency ‘‘sink,’’ and the minimum amplitude of standing wave ratio that will cause the 
tube to operate in this region of discontinuity is called the ‘‘sink margin.”’ It is customary 
to require a sink margin of 8 db. A second important characteristic is the so-called pulling 
figure which is defined as the maximum difference in frequency produced when a mismatch, 
having a reflection coefficient of 0.2 as measured at the prescribed output coupler, is 
varied through 360°. The pulling figure for the tube shown in Fig. 9 is approximately 4 Mc. 

The power output, electronic tuning sink margin, and pulling figure for the typical reflex 
tube will be found to vary somewhat over the mechanical or thermal tuning range of the 
tube. Curves showing these variations for any particular tube are customarily supplied 
in the technical information sheets published by the manufacturers. 

The coarse adjustment of frequency is usually made by mechanical means, either bv 
varying the effective size of the external portion of the cavity or by internal changes, 
usually of the length of the interaction gap, and hence of the effective capacitance loading 
of the cavity. In most tubes where capacitance tuning is employed, the necessary motion 
is transmitted through the vacuum envelope by means of a flexible diaphragm. Recently, 
a number of tubes have been introduced in which mechanical cavity tuning is produced 
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internally by thermal expansion means. This method, called thermal tuning, makes it 
possible to adjust the frequency of the tube over its entire mechanical tuning range by 
electrical means, without the large variations in output power that are encountered with 
electronic tuning. The thermal tuning speed is limited by the thermal capacity of the 
tuning mechanism, but it is sufficiently fast for many automatic frequency control appli- 
cations. 


12. TUBE TYPES 


Many of the tubes listed in Table 1 were made for the armed services during World 
War II, and some may not be commercially available. The prospective user should con- 
sult the manufacturer in regard to their availability and should follow his recommenda- 
tions regarding operating conditions and ratings. .The data of Table 1 are indicative of 
typical operating conditions and are supplied for general reference purposes only. 


Table 1. Western Electric Reflex Tubes—External Cavity Type 


Tuning Range, 


Reso- Reflector | Heater Out- megacycles 
Number Frequency, nator Voltage Volt- put, SS eS Remarks 
megacycles Volt- (Negative) age milli- Mechani-| Elec- | Ther- 
Bee watts cal tronic! mal 
707A/B | 2,500- 3,750 300 0O- 275] 6.3 70 * 35 Uae 
2K48 3,000-10,000 | 1,000 0O- 500} 6.3 24 5 LCD es 


Table 1—Continued. Western Electric Reflex Tubes—Internal Cavity Type 


726C 2,700- 2,930 300 | 50- 210] 6.3 120 230 D5 lh reseoatere 
726B 2,880- 3,170 300 | 50- 210] 6.3 120 290 D5 ran tetereie 
726A 3,170- 3,410 300 | 50- 210] 6.3 120 240 258 e erate 
2K29 3,400- 3,960 300 | 50- 210} 6.3 95 560 EY Mel Ih seid Ne 
2K56 3,840- 4,460 300 | 125- 175] 6.3 65 620 SON her ee 
2K54 4,290- 4,560 | 1,130 | 800-1,100 | 6.3 700 + 270s | esesecllemeeer Pulsed 
2K23 4,275- 4,875 | 1,130 | 600- 900 | 6.3 250 + CT el [Sea > ool ese as Pulsed 
2K55 4,590- 4,860 | 1,130 | 625- 850] 6.3 700 + 270d corn eae Pulsed 
2K22 4,240- 4,910 300 | 75- 235] 6.3 85 670 35 im preter 
2K26 6, 250- 7,060 300 | 70- 150] 6.3 50 810 35 
2K25 8,500- 9, 660 300 | 75- 200] 6.3 30 1,160 32 
2K45 8, 500- 9,660 300 | 95- 145] 6.3 30 als Beene 50 | 1,160 | 8 sec tuning time 
723A/B | 8,700- 9,550 300 | 90- 200] 6.3 25 850 32 
2K50 23, 215-24, 750 300 | 20- 130] 6.3 TO} IA teens 65 935 | 2 sec tuning time 
The data above were obtained on tubes manufactured for the Army and Navy. 
Table 1—Continued. Raytheon Manufacturing Company 
R Out- Tuning Range, 
€S0-| Reflector | Heater| put megacycles 
Type sail ati Voltage VG ee Remarks 
mepacycles olt- (Negative) | age milli- | Mechan- | Elec- | Ther- 
age watts ical | tronic} mal 
QK269 1, 200- 1,500 300 | 100-220 6.3 150 300 12 
707B 3,400- 3,600* | 300 155-290 6.3 150 20 Requires external 
cavity 
2K28 3,400- 3,600* | 300 | 155-290 6.3 150 20 Requires external 
cavity 
QK159 2,950- 3, 250 300 | 112-250 6.3 150 20 
5721 4,290- 8,340 * | 1000 60-600 6.3 160 12 Requires external 
(min.) cavity 
2K25/723A-B | 8, 500- 9,660 300 85-200 Gr 33 1160 40 
2K33 23, 710-24, 290 1800 80-220 6.3 40 580 40 
Table 1—Continued. Sylvania Electric Products, Inc. 
6BL6 1,600- 5,500 * | | 350 15-700 6.3 125 10 Requires external 
cavity 
6BM6 500—- 3,000 * | 350 15-700 6.3 60 13.4 Requires external 
cavity 


* Tuning range of external cavity tubes depends upon cavity design and may be anything up to the total range of 
the tube. 
{ Average power based on 0.1 duty. 
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Table 1—Continued. Sperry Gyroscope Company—Reflex Klystrons 


Reflect Tuning Range, 
Frequency, Resonator enector | Heater Grid megacycles 

Type megacycles Voltage Voltage Voltage Voltage Output 

(Negative) Mechanical | Electronic 
3K27 750- 960 1,000 0-1, 500 6.3 +20 to —200 lw 210 10 
3K23 950—- 1,150 1,000 0-1, 500 6.3 +20 to —200 lw 200 10 
2K41 2,660- 3,310 1,250 0- 750 6.3 +50 to —200 | 250 mw 650 17 
2K42 3, 300- 4, 200 1,250 0- 750 6.3 +30 to —200 | 250 mw 900 15 
2K43 4, 200- 5,700 1,250 0- 750 6.3 +30 to —200 | 250 mw 1,500 15 
2K44 5,700— 7,500 1,250 0- 750 6.3 +30 to —200 | 250 mw 1,800 15 
2K39 7,500-10, 300 1,250 0- 750 6.3 +30 to —200 | 250 mw 2,800 44 


Table 1—Continued. Sperry Gyroscope Company—2-cavity Oscillator/Amplifiers 


Reso- Tuning Range, megacycles 
Frequency, SNe Grid Heater OSES Us eae 
Type megacycles Volt. || Voltage Volt- | Output Elec- Remarks 
mee age Mechanical ane 
3K21 2,300- 2,725 3,000 | 0-—200 |} 6.3 20w 425 Me 10 Me 
3K30/ 
410R 2,700- 3,300 3,000 | 0-—200 | 6.3 20w 600 Mc 10 Mc | 10-14 db gain 
3K22 3, 300— 4,000 3,000 | 0-—200 | 6.3 20w 700 Mc 10 Mc 
Table 1—Continued. Sperry Gyroscope Special-purpose Tubes 
2K35 2,730- 3,330 3,000 | 0-—200 | 6.3 25w COOUMce Mee tert 3-cavity, 2-stage cas- 
cade amplifier, 30 to 
33 db gain 
2K34 2,730- 3,339 3,000 | 0-—200 | 6.3 l6w COOMM cE aan eee 3-cavity oscillator 
buffer amplifier 
‘2K47 250-280 1,000 | 0-—200 | 6.3 125 mw | Input 30 Mc |....... 2-cavity frequency 
2,250- 3,360 Output 110 Me multiplier 
‘2K 46 ( 2,730- 3,330 1,500 | 0-—200 6.3 |10-70mw] Input 600 Mc |....... 3-cavity amplifier-fre- 
8, 190-10, 000 Output 1,810 quency multiplier 
Me 


GASEOUS CONDUCTION TUBES 


By D. S. Peck 


For definitions of gas tube, anode, cathode, etc., see pp. 4-03 to 4-06. 

Arc. An arc is a discharge of electricity through a gas, characterized by a change in 
space potential in the immediate vicinity of the cathode which is approximately equal to 
the ionizing potential of the gas. (Proposed for Standards for Pool-cathode Mercury Arc 
Power Converters, AIEE.) 


13. GASEOUS CONDUCTION 


Gaseous discharges may be classified in two groups according to the mechanisms for 
producing ionization. The first group, ‘‘self-sustaining discharges,’’ includes those in 
which the energy for maintaining the discharge is supplied directly by the discharge. 
The other group includes those that require some auxiliary power in addition to the energy 
of the discharge itself. 

SELF-SUSTAINING DISCHARGES. One of the earliest known gaseous-discharge 
devices, the Crookes tube, is a typical example of a self-sustaining discharge. In that 
tube, cylindrical in form and containing a low gas pressure, a luminous discharge takes 
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place if potential of sufficient value is applied between two electrodes. The appearance 
2 ss glow is shown diagrammatically with the corresponding voltage distribution in 

1g 

It will be observed that immediately adjacent to the cathode is the Crookes, or cathode, 
dark space. Across this space a large part of the total tube drop is concentrated. This 
drop is such that ions moving toward 
the cathode obtain sufficient energy to 
remove electrons from the cathode by 
bombardment and hence maintain ioni- 
zation in the tube. 


Following the cathode dark space is a + 
luminous region, called the negative / : Ze A 
glow, in which some of the excited VIII 
: -. We 


atoms are returning to normal, radiat- 
ing energy in the form of light. 

Following the negative glow is an- 
other dark space called the Faraday 
dark space, then another luminous por- 
tion called the positive column which 
extends to the anode. 

This general type of discharge is used 
for the production of light in many neon 
and argon signs. It is also employed in 
protective tubes and in glow tubes used 
for voltage regulation, as well as in cold- 
cathode relay tubes. 

Another form of self-sustaining dis- 
charge is found in tubes employing a 
pool cathode. Here the current densi- 
ties run much higher than in a glow 
discharge, and the cathode dark space 
becomes very small so that extremely 
high gradients are present close to the 
emitting ‘‘spot.’’ It is thus possible to 
release electrons without the high drop 
generally found ian so-called glow dis- Fie. 1. Voltage and Glow Diistrbution in Glow Dis- 
charge tubes similar to the Crookes charge 
tube. With a pool cathode, emission 
appears to be true field emission caused by voltage gradient, and not thermal emission 
caused by the high temperature of the spot. 

DISCHARGES REQUIRING AUXILIARY ENERGY. One of the commonest forms 
of this type of discharge is the hot-cathode tube. Here a heated filament or cathode, by 
virtue of the thermal energy imparted to the surface molecules, is able to release electrons. 
These electrons are drawn from the cathode by the anode field and after sufficient travel 
acquire enough energy to ionize the gas atoms by collision. The discharge is very similar 
in structure to the glow discharge from a cold cathode, except that the region of cathode 
fall is very much smaller and has a lower voltage drop since the electrons are actually 
ejected by the emitting properties of the cathode. 

Other sources of ionization are possible, such as heat, photoelectrons, and radiation. 

CONTROL OF THE DISCHARGE. If, in a simple tube with a cathode and an anode, 
a third element known as a grid is introduced between cathode and anode, it is possible to 
control the starting of the discharge. If the grid is made sufficiently negative with respect 
to the cathode, it produces a retarding field at the cathode in spite of the positive anode 
potential and most of the electrons emitted from the cathode are turned back without 
receiving sufficient energy to cause ionization. If the grid is then gradually made less 
negative, a critical voltage is reached where some electrons acquire enough velocity to 
ionize the gas. Within a few microseconds the ionization builds up until the current is 
limited only by the impedance of the external circuit. 

Once ionization is complete, further changes in grid voltage have little effect on the 
discharge in most practical cases. If the grid is made negative, positive ions from the dis- 
charge will move toward it, causing a grid current to flow and blanketing the grid suffi- 
ciently to prevent its having any further effect on the are. The grid becomes “sheathed” 
with positive ions, the thickness of the sheath depending upon the density of ionization 
and, to some extent, upon the grid voltage. The sheath thickness may be of the order of 
hundredths or thousandths of a centimeter under normal operating conditions. Only b» 
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using grids with very small openings and relatively large negative voltages is it possible 
to make the sheaths large enough to overlap and extinguish the discharge. If, however, 
the discharge ceases, as it would when alternating potential is used for the anode supply, 
the ionization diminishes to a low value or disappears in a relatively short period of time, 
and the grid may again exercise its control function. 

VACUUM-TUBE CONTROL VS. GAS-DISCHARGE CONTROL. The character- 
istic of a grid-controlled gaseous-discharge tube of passing either no current or full current, 
together with the normal inability of the grid to stop the discharge, are two important 
differences from hard-vacuum grid-controlled tubes. Although both types possess the 
unidirectional conduction properties of a rectifier, the hard-vacuum tube with its con- 
tinuous control may be likened to a rheostat in series with a circuit, whereas the gas-filled 
control tube may be considered similar to a switch which can be closed at any time but 
opened only when current is not flowing. Obviously, the hard-vacuum tube, which func- 
tions like a rheostat, must be capable of dissipating the power losses caused by pasage of 
current through the tube when the voltage across the tube is increased. The low voltage 
drop (from about 5 to 15 volts in most hot-cathode tubes) existing when the gas tube is 
passing current results in relatively low losses in the tube, and there is no plate dissipation 
whatever when the tube is turned off. Thus, a gas tube is capable of handling much 
heavier currents and more power than a hard-vacuum tube of the same size. 

Because of the difference in control characteristic the circuit technique used with gas 
tubes is entirely different from that employed with hard-vacuum tubes. For instance, 
the gas tube may be used as a sensitive relay to operate a contactor when the grid voltage 
of the tube reaches a given value. With a voltage of adjustable phase relation on the 
grids it may be used as a controlled rectifier tube to control average output voltage. The 
gas tube may also be used in suitable circuits to change direct current to alternating cur- 
rent or alternating current of one frequency to alternating current of a different frequency. 
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A thyratron is a hot-cathode, gas-discharge tube in which one or more electrodes are 
employed to control electrostatically the starting of the unidirectional current flow. (IRE 
Standard.) 

These types of tubes cover an intermediate power range. Tubes are available in sizes 
up to 12.5 amp average current and up to 15,000 volts peak. (See Table 1.) 

Similar gas tubes are built without grids for use as rectifiers. Since their major single 
application is in transmitting circuits, they are listed in article 13 with transmitter tubes. 

CONSTRUCTION. Figure 2 shows a typical construction of a simple filamentary- 
type gas tube. The filament is in the form of a ribbon of nickel or nickel-cobalt alloy, 
formed in a helical or S-shaped form, and 
coated with an electron-emissive coating. A 
grid in the form of a cylinder is mounted as 
shown, and supported by a clamp from the 
lower stem. The grid may also be mounted 
on the stem leads and supported additionally 
from the glass at the top of the tube. The 
nickel anode in the form of a cup is mounted 
by means of another glass stem at the top. A 
washerlike cross piece in the grid determines 
the control characteristic by its relative spac- 
ing between cathode and anode and by the 
size and shape of a hole in the washer. The 
sides of the grid shield the control area from 
effects of charges collected on the glass walls 
and from extraneous fields. Carbonized nickel 
is frequently used for these parts because of its 

; heat-radiating properties, but bright nickel is 

oe eae Fic. 3. Shield-grid Type sometimes necessary in inert-gas-filled tubes. 

ont Tube of Thyratron Tube Argon, xenon, and mercury vapor are the 
most common mediums for gas tubes. 

FOUR-ELECTRODE CONSTRUCTION. Figure 3 shows a sketch of a shield-grid 
type of construction. The large shield grid, generally held at a fixed potential, permits 
the use of a small control grid of extremely high effective input resistance. The shield 
grid shields the control grid from the heat of the cathode and anode and minimizes the 
possibility of sputtered or evaporated material from the cathode contaminating the grid, 
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Anode Current Peak Anode Cathode 
Voltage f = filament | Ioniz- 
Type | Designation vere eS h = heater ie Remarks 
Peak | qv, | For- | In- os 
age Time, Volt- | Cur- | dium 
seconds ward MESS age rent 
204 |S 0.005} 0.020 30 450 450 | 2.5h | 0.65 | Gas Negative control tube 
297A | WE 0.010) 10.060); ....... 250 250 | 1.75f| 0.35 | Gas Negative control tube 
546 | GL- 0.020} 0.100 15 500 500 | 6.3h | 0.15 | Gas Shield grid tube 
269A | WE 0.020) 0520) fru... 275 2I5\\\ 22h 0.55 | Gas Negative control tube 
6D4 |S 0.025 0.100 30 450 450 | 6.3f 0.25 | Gas Miniature negative 
control tube 
233A | RX- 0.025 DYDP = lh oe cees 1,500 1; 900 Wi . 2. 5F, 2.5 | Gas Negative control tube 
629. «| WL- 0.040} 0.2 10 350 350 | 2.5h | 2.6 | Gas Negative control tube 
2051 | Ray, Ch, 0.075} 0.375 30 350 700 | 6.3h | 0.6 | Gas Shield grid tube 
GL-, RCA 
884 RX-, Ch, §,} 0.075} 0.30 30 350 350 | 6.3h 0.6 | Gas Sweep-circuit tube 
WL,, 
RCA, GL- 
885 | RX-, Ch,S,| 0.075} 0.30 30 350 350 | 2.5h 1.5 | Gas Sweep-circuit tube 
RCA, 
GL-, WL- 
610 KU- 0.10 0.40 10 500 500 | 2.5f 6.5 | Gas Positive control tube 
636 KU- 0.10 0.40 15 350 350) |) 2h, 7.5 | Gas Negative control tube 
2D21 | RCA 0.10 0.50 30 650 1,300 | 6.32 | 0.6 | Gas Shield-grid tube 
338A | WE 0.10 OR60 eee 325 325 | 10.0h 0.50 | Gas Negative control tube 
2050 | Ray, GL-, 0.10 1.00 30 650 1,300 | 6.3h | 0.60 | Gas Shield-grid tube 
Ch, WL-, 
RCA 
502A | GL-, WL- 0.10 1.0 30 650 | 1,300 | 6.3h | 0.60 | Gas Shield-grid tube 
2A4G |S, Ch, Ray | 0.10 125) 45 200 200 | 2.5f 2.5 | Gas Negative control tube 
178A | FG- 0.125} 0.50 15 500 SOOM» 2eoK 2.25 | Gas Negative control tube 
17 FG-, WL- 0.50 2.0 15 2,500 5,000 | 2.5f 5.0 | Hg Negative control tube 
967 UE- 0.50 2.0 15 2,500 2500) |e zoos 5.0 | Hg Negative control tube 
81A | FG-, WL- 0.50 2.0 15 500 500 | 2.5f 5.0 | Gas Negative control tube 
98A | FG- 0.50 2.0 15 500 500 | 2.5f 5.0 | Gas Shield-grid tube 
97 FG- 0.50 2.0 15 1,000 1,000 | 2.5f 5.0 | Hg Shield-grid tube 
627 WL-, GL- 0.64 235 30 1, 250 PAU AEE 6.0 | Hg Negative control tube 
394A | WE 0. 64 Daa 5 1,250 1,250) ||" 2557 3.25 | Hg and! Negative control tube 
gas 
3D22 | RCA 0.75 6.0 30 650 | 1,300 | 6.3h | 2.6 | Gas Shield-grid tube 
CIB | EL- 1.0 S20 ilies arated 450 700 | 2.5f 6.3 | Gas Negative control tube 
303 CE- 1.0 SOM ae ace 450 700 | 2.5f 6.0 | Gas Negative control tube 
302 CE- eS BS PN cidietcates 1,000 1,000 | 2.5f 7.0 | Hg Negative control tube 
287A | WE te 6.0 5 500 500 | 2.5f 7.0 | Hg Negative control tube 
323A | WE 1.5 6.0 Dar 500 500 | 2.5f 7.0. | Hg and| Negative control tube 
gas 
393A | GL-, WE 5 6.0 5 1,250 12505) 25577 7.0 | Hg and| Negative control tube 
gas 
3C23 | GL-, WL- LBS) 6.0 5 1, 250 17250) |n2-5% 7.0 | Hg and} Negative control tube 
gas 
678 WL-, GL- 1.6 6.0 l cycle | 15,000 | 15,000 | 5.0h Tage stig Negative control tube 
21 eC a mcs 350 ill payee storeraee 11,000 | 2.5f | 10.0 | Hg Transmitter keying 
tube 
628 KU- 2.0 8.0 30 1,250 25500) 550%. ilies Ieee Negative control tube 
305 CE- 20ers |) V2s0 uy [chaste 850 TOON mene ya 6.5 |Gas | Negative control tube 
27A | FG- PS) 10.0 15 1,000 | 1,000} 5.0f 4.5 |Hg Negative control tube 
973 | UE- 2.5 10.0 15 3,000 | 3,000 | 5.0f 6.75 | Hg Negative control tube 
154 | FG- 2.5 10.0 15 500 500 | 5.0f 7.0: | Gas Shield-grid tube 
33 FG-, WL- Zid 15.0 15 1,000 1,000 | 5.0h 4.5 | He Negative control tube 
57 FG-, WL- 25, 15.0 15 1,000 1,000 | 5.0h 4.5 | Hg Negative control tube 
67 FG- IS) 15.0 15 1,000 1,000 | 5.0h 4.5 | He Inverter tube 
95 FG- 2.5 15.0 15 1,000 | 1,000 | 5.0h 4.5 | Hg Shield-grid tube 
672 ~| WI-, GL- 2.5 30.0 15 1,500 | 1,500 | 5.0h 6.0 | Hg Shield-grid tube 
C3J | EL- 25 BONO bellies: 750 1,250 | 2.5f 9.0 | Gas Negative control tube 
632-A | WL- 34,55) 30.0 15 1,500 1,500 | 5.0h 6.0 | Hg Shield-grid tube 
677 WL- 4.0 15.0 15 10,000 | 10,000 | 5.0h | 10.0 | Hg Negative control tube 
3544 | WE 4.0 16.0 15 1 DOO POON 2am fe 16.0% | -He Negative control tube 
355A | WE 4.0 16.0 15 350 350 | 2.5f | 16.0 | Hg and} Negative control tube 
gas 
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Table 1. Available Types of Thyratrons—Continued 


Anode Current Peak Anode Cathode 
Voltage f = filament | Ioniz- 
a h = heat able 
Type | Designation Wane sali care Nice Remarks 
age Peak Time, For- In- Volt- | Cur- | dium 
seconds ward elES age rent 
105 | Ch, WL-, 6.4 40.0 15 2,500 | 2,500 | 5.0h | 10.0 | Hg Shield-grid tube 
FG- 
172. | WL-, FG- 6.4 40.0 15 2,000 | 2,000} 5.0 | 10.0 | Hg Shield-grid tube 
676 KU- 6.4 40.0 15 2,500 | 2,500) 5.0h | 10.0 | Hg Negative control tube 
CéJ | EL- 6.4 TIO Mek: 750 1:250))|| 225 f.|) 2120 Gas Negative control tube 
306 CE- 6.4 ALSO Vevetics anette 750 1,250 | 2.5f | 18.0 | Gas Negative control tube 
CoC | EL- 6.4 TLSO% s|scerh ects 2,000 | 4,000 | 2.5f | 24.0 | Gas Negative control tube 
624 WL- 6.4 77.0 15 2,500 | 2,500 | 5.0h | 10.0 | Hg Negative control tube 
Cl6J | EL- 12 100209 ||< ae. 750 1,250 | 2.5f | 31.0 | Gas Negative control tube 
4] WL, FG- | 12.5 75.0 30 10,000 | 10,000 | 5.0 | 20.0 | Hg Inverter tube 
414 | GL-, WL- 12.5 100.0 30 2,000 | 2,000 | 5.0h | 20.0 | Hg Metal negative con- 
trol tube 
NOTES 
Prefix Used by Prefiz Used by 
GL- General Electric Company CE- Continental Electric Company 
FG- General Electric Company RX- Raytheon 
WL- Westinghouse Electric Corporation ; 
KU- Westinghouse Electric Corporation Letter Indicates 
KY- Eimac NS) Sylvania Electric Products, Inc. 
UE- United Electronics Ch Chatham Electronics 
EL- Electrons, Inc. Ray Raytheon 


WE _ Western Electric Company 
RCA Radio Corporation of America 


with consequent reduction in grid emission. The shield grid may act also as an electro- 
static shield to prevent sudden voltage fluctuations of the anode from inducing transient 
voltages on the grid with consequent loss of control. Of course, it is also possible to use 
tubes of this shield-grid type with ‘‘signal’’ voltages on both electrodes so that operation 
of the tube is a function of both grid potentials. 

METAL TUBES. Metal envelopes are used for many industrial tubes, particularly in 
the larger sizes, because of the greater sturdiness and dependability of metal than of glass 
and to facilitate mounting the tubes on a panel. In the medium or smaller sizes this con- 
struction frequently has no real advantage over glass tubes because internal tube elements 
may be as subject to breakage as the envelope under conditions of shock or vibration. 
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PEAK INVERSE ANODE VOLTAGE. Peak inverse anode voltage is the maximum 
instantaneous anode voltage in the direction opposite to that in which the tube is designed 
to pass current. (IRE Standards on Electronics, 1938.) 

The maximum peak inverse voltage which can be applied is a function of the shape and 
spacing of the electrodes, the current conducted, and the gas pressure. In thyratrons 
having argon or xenon or some other inert gas, the arcback potential is relatively inde- 
pendent of the tube temperature. In mercury-vapor tubes, however, the mercury-vapor 
pressure doubles roughly with every 10 deg cent increase so that the maximum peak in- 
verse voltage is seriously affected. Figure 4 shows a typical curve of arcback voltage vs. 
temperature for a mercury-vapor tube. In rating a tube of this class, therefore, it is 
necessary to specify not only the peak inverse voltage but the maximum condensed- 
mercury temperature as well. 

In designing a tube for high-voltage operation, it is sometimes necessary to constrict 
completely the space at the back, or top, of the anode, so that it is impossible for any 
discharge to take place between the anode and cathode around the outside of the grid. 

PEAK FORWARD VOLTAGE. Peak forward voltage is the maximum instantaneous 
anode voltage in the direction in which the tube is designed to pass current. (IRE Stand- 


| 
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ards on Electronics, 1938.) The same 
factors of tube geometry and current 
affect the maximum permissible peak 
forward voltage. In addition the grid 
must be so designed as to maintain 
the proper characteristics up to the 
voltage desired. 

TESTS. The peak forward voltage 
may be tested by measuring the con- 
trol characteristic at the maximum 
temperature ratings, although a com- 
mon test is a full-load operation of the 
tubes in a circuit giving both peak 
inverse and peak forward voltages. 
This operation continues at the rated 
average current of the tubes for a 
length of time sufficient to stabilize @ iat 
the tube temperature, at which time 40 i 
the grid control is checked. The, fre- Ree Rae sent eres wee, ac 
quency of arcback is also observed. densed Mercury Penessenrs < Tpiesl dhgeaton Tube 
The severity of the test varies con- 
siderably with the current and voltage conditions at the time of current commutation 
from one tube to the next; therefore the type of operation circuit used is important. 
When simple circuits are used the voltage is frequently set above the rating to make the 
test sufficiently severe. 
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Most commercial tubes have cathodes made by coating a base metal such as nickel or a 
nickel alloy with one of two types of coatings. The first is barium oxide or a mixture of 
barium, strontium, and calcium oxides, formed by coating with the carbonates and reduc- 
ing to the oxides by high temperature during the processing. The second is a molecular 
mixture of barium oxide and nickel oxide known as barium nickelate, formed by coating 
with barium carbonate and a nickel oxide before processing. 

Cathode construction is of two general types, the filamentary and the indirectly heated. 
The filamentary type is simple in construction and has a relatively short heating time. 
The usual absence of heat shielding, however, reduces the efficiency, requiring more watts 
per ampere of emission, and increases the heat that the tube must dissipate. The in- 
directly heated type inherently lends itself to more efficient use of the cathode surface, 
thereby reducing the heating power required. It has the disadvantage of greater expense 
and longer heating time, a factor that.is becoming more and more important. 

By raising the cathode temperature it is usually possible to raise the emission per unit 
area and the emission per watt heating power. However, this raises the rate of coating 
evaporation and, if carried too far, shortens the life of the tube. 

PEAK ANODE CURRENT. The peak current that a tube is capable of passing with- 
out harm depends upon the area, the temperature, and the geometry of the cathode 
surface, and somewhat upon the pressure of the gas. If the rated value is exceeded, the 
tube voltage drop may increase so that destructive ion bombardment of the cathode 
occurs. Also, particles of coating may be mechanically sputtered from the cathode to the 
grid, where they are a potential source of grid emission. There is the further possibility 
of sudden cessation of current flow, particularly at low gas pressure where the ion density 
is insufficient to neutralize the space charge at points where the discharge is the most 
dense. This is commonly known as ‘‘starvation’”’ and may result in voltage surges in the 
circuit in which current has been flowing, sometimes breaking down insulation of the 
circuit components. The barium nickelate coating is less subject to this trouble since the 
coating is more conductive and will stand a higher arc drop without sputtering or surging. 

AVERAGE ANODE CURRENT. Because of the essentially constant tube voltage 
drop over the current range, tube heating during operation is a function of average current, 
rather than rms current as in most electrical apparatus. Overloading causes excessive 
heating of all the tube electrodes and may result in failure because of (1) evolution of 
sufficient foreign gas to render the tube inoperative, (2) grid emission and loss of control 
due to high grid temperature, (3) arcback due to the high temperature of the anode, (4) 
short cathode life due to high evaporation, or (5) mechanical failure of the envelope or 


seals. 


4-64 ELECTRON TUBES 


ANODE CURRENT AVERAGING TIME. When the load is fluctuating, as it might 
with a motor load or welding control, the average current must be calculated over a 
specified period of time chosen so as to include the worst current conditions. For example, 
consider two tubes having a maximum average current of 12.5 amp, a maximum peak 
current rating of 75 amp, and an averaging time of 30 sec in a biphase half-wave rectifier 
with sufficient inductance to make the d-c ripple negligible. These tubes could supply to 
the load 75 amp for 10 sec, 50 amp for 15 sec, or 25 amp for 30 sec out of every 30 sec 
without exceeding either peak or average rating. 

GRID CURRENTS. In order to prevent overloading of the cathode or the grid through 
the grid circuit, a maximum instantaneous grid current and a maximum average grid cur- 
rent rating are generally given. Under most conditions of operation, grid currents are 
much less than these ratings. 

ANODE SURGE CURRENT. The anode surge current is the current which would be 
conducted through the anode under fault conditions. The maximum surge current rating 
is a measure of the ability of the tube to withstand extremely high transient currents. 
The tube should carry the specified current for not longer than a given length of time in 
the event of short circuit, but it should not be expected to carry repeated short circuits 
without a reduction of life and the possibility of immediate failure. This rating forms a 
basis for set design to obtain best tube performance. If sufficient impedance is present to 
limit the fault current to this rating, not only will the tube be able to carry that current 
in the event of a fault in the circuit, but also the possibility of a fault in the tube itself 
seems to be reduced. 

TESTS. Tests for maximum average current are generally made by operating the tube 
at full load and checking the other ratings which are dependent upon tube temperature, 
as described in other sections. 

As has been stated, the peak current rating is a function of the emissive capabilities of 
the cathode, and the best test of this is, after all, satisfactory life while operating at that 
peak current. Several methods have been used for testing the emission, however. A simple 
test is to conduct an average current through the tube of a value between the average 
and the peak ratings and then measure the tube voltage drop with a d-c meter across the 
tube or with the deflecting plates of an oscilloscope connected from anode to cathode. 
This method does not discriminate very well between good tubes and bad except for some 
small tubes where the average current may be held fairly high for the test. It will suffice 
for a rough check on any tube, if used within the rating. 

If, with the oscilloscope and a suitable d-c amplifier across the tube, the tube is allowed 
to conduct the peak rated current for only a few half-cycles each second, the cathode 
temperature is not altered appreci- 
ably by the load current, and the 
tube drop may be used as an accu- 
rate indication of cathode quality. 
Figure 5 shows a typical trace ob- 
served on a good tube, and Fig. 6 
shows a low-emission tube in which 
the drop rises to an excessive value 
at the maximum current point. 

Another method of testing the 
emission is to conduct half-cycle 
Fig. 5. Trace on Cathode- Fra. 6. Trace on Cathode- pulses as above, but of increasing 
ney Dadilloprone: Tp dieting Bog Drelllosecnes Indicating current magnitude, so that the point 

is finally reached where the cathode 
“sparks” or sputters, giving a broken voltage drop trace. The ‘sparking point” can be 
calibrated against the peak current rating to give a proper test. 

In all such tests, the temperature of. mercury-vapor tubes should be controlled quite 
accurately by an oil bath or controlled-flow air bath. 

Surge current tests are generally made by the manufacturer on a given design of tube 
to insure a construction sufficiently rugged for ordinary service. Since these tests detract 
from the life of the tube, they are not part of the normal test procedure. In general, the 
test is made by passing the rated surge current through the tube with some protective 
device or control device arranged to open in a definite time, generally 0.1 sec. After the 
tube has been subjected to one or more overloads of this type, it is given an operation 
test for general performance. 
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17. CONTROL CHARACTERISTICS 


Control Characteristic. 


Electronics, 1938.) 

Critical Grid Voltage. 
grid voltage when the anode current starts to 
flow. (IRE Standards on Electronics, 1938.) 

Critical Anode Voltage. The critical anode 
voltage of a gas tube is the instantaneous 
anode voltage when the anode current starts 
to flow. 

As previously explained, once a thyratron 
is passing anode current the grid has little 
effect on the anode current, which is then 
limited only by the impedance of the load in 
There are, therefore, no 
thyratron characteristic curves relating anode 
potential, grid potential, and anode current 
as there are for vacuum tubes. The relation- 
ship between anode voltage and grid voltage 
which just permits conduction, known as the 
control characteristic, is of considerable im- 
portance, however. 

In an inert-gas-filled tube, there is a neg- 
ligible change of characteristic with normal 
temperature changes. There are initial vari- 
ations between tubes, however, and there are 
further changes in any given tube with life, 
the characteristic shifting slightly more nega- 
tive as the emission becomes completely 
stable, and then shifting more positive as the 
end of the tube life approaches. Figure 7 
shows the typical control characteristic of a 
small thyratron, the range of curves covering 
all variations between tubes and with life. 


The control characteristic of a gas tube is a relation, usually 
shown by a graph, between critical grid voltage and anode voltage. 


(IRE Standards on 


Critical grid voltage in a gas tube is the instantaneous value of 
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This shows the equipment designer what range he may expect and must design for. In 
mercury-vapor tubes, the characteristic changes greatly with mercury temperature and 


the temperature must be specified for such 


a curve, or the range must be extended to 
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include the variations within the published t 


for a Mercury-vapor Thyratron 


emperature limits. Figure 8 shows the vari- 


ation in the control characteristic of a mercury tube with varying temperature. 
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It will be noted that the critical grid voltages of the tubes shown are negative over the 
greater part of the operating range. As long as the grid is more negative than the cathode, 
electrons emitted from the cathode cannot flow to the grid, and there is no grid current 
from this source. Control is possible therefore with the use of a very small amount of grid 
power, which is the advantage of such a ‘negative grid” tube. 

“Positive grid” tubes are available in which it is necessary to force the grid positive 
over the entire operating range to fire the tube. To assure non-conduction it is required 
only that the grid circuit be opened or the grid held at zero voltage or allowed to float. 

These application advantages 
aigly are offset, however, by the fact 
5 that considerable power must be 
a available to drive this type of 
o tube, and sometimes a discharge 
ra oI [ takes place between grid and 
3 cathode before the anode-cathode 
oO 


2 
o 


oT 


| path becomes ionized. 

ina eA & SHIELD-GRID CHARAC- 
Iv \ P TERISTICS. In four-electrode 

tubes the firing point becomes a 

function of the potential of both 

grids. Figure 9 shows how the 

od | control characteristic curve 
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varies with shield-grid potentials. 
| Taegan With negative shield-grid poten- 


| tials, however, the variations 
LO ap Ct \\\\I between tubes become excessive 
with many types. The shield- 
eal | NG grid signal may be used as a con- 
trol to switch the characteristic 
14-12 <10 -8 -6 -4 -2 © +2 +4 in or out of the operating range 
. Control Grid Voltage of the circuit, and in some cases 
Fie. 9. Control Characteristics for Shield-grid Type of Thy- ER ENE be used, with the Wee 
ratron, Showing Effect of Shield Potential essary adjustments, to obtain a 

desired control curve. 

GRID CURRENTS. The grid currents in a thyratron, both before and after discharge, 
are extremely important in determining the necessary grid power or the permissible 
impedance in the grid circuit. 

Critical grid current in a gas tube is the instantaneous value of grid current when the 
anode current starts to flow. If a high grid resistance is used and this critical grid current 
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becomes excessive, owing to overheating and grid emission, enough voltage drop across 
the grid resistance may result so that the available grid supply voltage is not sufficient to 
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control the tube. This current, then, becomes a limitation on the grid supply voltage and 
impedance and on the time constant with which the grid circuit can operate. 


Figure 10 shows the grid current in 
a 2.5-amp average, three-electrode 
thyratron after discharge has occurred. 
Negative values indicate positive ion 
current to the grid from the discharge, 
and positive values indicate electron 
current. A four-electrode tube, other- 
wise similarly designed, would have 
roughly one-tenth the amount of grid 
current under these conditions. 

Figure 11 shows the grid current for 
various anode voltages immediately 
before the start of discharge on the 
same three-electrode tube, and Fig. 12 
shows 'the same for the equivalent 
four-electrode tube. 

TESTS. The control characteristic 
should be tested to the specified limits, 
asually at two or more values of anode 
voltage. A sufficient d-c control grid 
voltage should be applied to prevent 


conduction (or firing), through a low grid resistance. 
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electrode Thyratron 


The specified d-c anode voltage is 


applied and the control grid gradually made more positive until breakdown occurs to 
the anode, at which time the critical grid voltage is observed. Condensed-mercury 


temperature should be controlled. 
The critical anode voltage may 


be observed by holding the grid at 


zero voltage and increasing the 


anode supply until firing occurs. 


The critical grid current is gen- 


erally measured as shown in Fig. 


13. The tube is first operated at 


the full average current rating as 
indicated by a d-c ammeter in the 


anode circuit, in order to heat all 


Anode Voltage 


the parts to their operating tem- 


peratures. With the grid resistor 


rg short-circuited, the grid supply 


voltage is then made more nega- 


tive until the tube ceases to con- 


0.005 0.004 0.003 0.002 0.001 
Grid Current in Microamperes 
Fie. 12. Grid’ Current before Breakdown in Shield-grid Thy- 


ratron Tube 


is sufficient to make the second reading, V2, considerably higher than Vj. 


duct. This is possible since an a-c 
supply is used and the tube does 
not conduct during the negative 
0 half-cycle. This voltage reading is 
denoted by V;. Another reading 
is immediately taken with rz in the 
circuit. With most tubes, a value 
of rg between 10 and 100 megohms 
Since the actual 


critical grid voltage measured directly at the grid is the same in both measurements, the 
difference in the two readings must be accounted for as voltage drop in the resistor rg. 


The grid current, therefore, 
is given as: t= (V2 — Vi1)/r¢. 
This reading of grid current 
includes currents from the 
ionized space to the grid, 
leakage currents, and grid 
emission. Ifthe test is made 
without previous operation 
of the tube, the grid-emission 
factor will be eliminated. 


: 
i 


Fig. 13. Circuit Used to Check Grid Emission 


DEIONIZATION TIME. Deionization time of a gas tube is the time required for 
the grid to gain control after interruption of the anode current. This varies with condensed- 
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mercury temperature, anode current, anode voltage immediately after discharge, grid volt- 
age, grid circuit impedance, and a number of other factors. Not only is the peak anode 
current just before discharge ceases 
important, but the wave shape is 
also, since in some cases the ioniza- 
tion due to an earlier peak current 
may decay less rapidly than the 
current, thus requiring a longer 
deionization time. Forcing the 
anode and grid negative immedi- 
Fie. 14. Circuit Used to Check Deionization Time ately after the discharge has ceased 
decreases the deionization time 

since positive ions are then attracted to these electrodes, where they are neutralized. 

To restore control to the grid it is not necessary to remove all the ions from the grid- 
anode space but only to reduce the 
number to a value sufficiently low so 
that the grid sheaths overlap enough to 
prevent discharge when a positive anode 
potential is again applied. Ions may 
still be present near the anode or near 
the cathode, with the grid having con- 
trol. This shows why the grid voltage 
and stiffness of the grid circuit may be 
relatively more important in deioniza- 
tion than the anode circuit. Fie. 15. Typical Anode-cathode Voltage Trace during 

Since deionization time varies so Deionization Time 
widely with all these variables, it is es- 
sential to know all these conditions under which a measurement has been made. A recom- 
mended circuit for making such tests is shown in Fig. 14. The operation is briefly as follows: 

The tube under test is conduct- 
ing a specified d-c current. The 
capacitor C is connected in parallel 
| ia with the load resistor R and there- 
| fore charges so that the negative 
| io capacitor plate is connected to the 
tube anode. When the switch S 
is closed, the capacitor makes the 
anode voltage of the tube instantly 

negative, thus stopping the dis- 
charge. The capacitor then re- 
charges through the load resistor 
until the anode voltage of the tube 
and the capacitor voltage are equal 
to the supply voltage. The rate at 
which this anode voltage becomes 
positive depends upon the value of 
the capacitor C and of the load 
resistor, 7. These values can easily 
be used to calculate the length of 
time from stopping of the discharge 
until the anode voltage again be- 
comes positive, approximately the 
point at which the tube would 
conduct if deionization is not com- 
plete. At the capacitor setting at 
which the tube fails to control, the 
deionization time can be calculated 
from the formula J = 0.693rC. 
Olin One OMS OMA NNISOMNNG CINE CINESO Any desired grid conditions may be 
Condensed Hg - Temperature °C. used and the effect of these factors 
Fic. 16. Deionization Time Shown as a Function of determined. Figure 15 shows a 
Mercury Temperature typical anode voltage trace during 

h ; ae the test operation. : 

Other modifications of this circuit may be used to allow greater variation of anode 
voltages, or inverter circuits may be set up which will operate the tubes under more ex- 
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Figures 16, 17, and 18 show the effect of some of the factors mentioned 
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Fig. 18. Deionization Time Shown as a.Function of Grid Resistance 


18. PULSE THYRATRONS 


As described in Section 9, Pulse Techniques, many circuits have been developed in 
which the currents are essentially square-wave pulses. One application of this sort pro- 
vides modulated power for driving a magnetron; here a thyratron is used to discharge a 
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pulse-forming line or network, previously charged to a high d-c voltage, through a pulse 
transformer into the load. The thyratron is in series with the line and load, and it carries 
a pulse current of magnitude determined by the voltage charge on the line and the com- 
bined impedances of the line and load. 

PULSE VOLTAGES. During the charging of the line, the thyratron is subjected to 
the full instantaneous network voltage, so that it must be capable of holding off this 
voltage. It is generally desirable that this be done with zero grid bias on the tube, and 
consequently pulse tubes are designed so that they will fire only when considerable positive 
voltage is applied to the grid. This is generally of the order of 50 to 100 volts, although a 
higher voltage may be required by the manufacturer’s data in order to insure that firing 
will occur with a minimum of time variation. 

Time jitter is a common term for expressing the variation in the length of time from 
application of the grid firing voltage until start of the anode current pulse. Although the 
actual amount of this delay time is not so important, any variation tends to destroy the 
usefulness of systems in which the pulse may be as short as 0.1 microsecond. In order to 
keep the time jitter appreciably lower than this figure, the trigger pulse applied to the 
grid should have a steep wave front and a peak voltage appreciably higher than the mini- 
mum required to cause ionization. The internal impedance of the trigger supply must 
also be low enough to provide sufficient grid power to assist in accurate firing. 

At the end of the anode-current pulse, depending on the ratio of load and line imped- 
ances, the voltage across the line, and hence across the tube, may become negative. The 
allowable negative voltage is limited because of the possibility of the remaining ionization 
causing arcback. After deionization is complete, the inverse voltage may be increased, 
generally to about the forward rating; deionization will generally occur in a fairly small 
percentage of the total time of application of inverse voltage and will allow the use of a-c 
charging voltages, other factors being satisfactory. 

Tubes are tested for their voltage capacity by operation in a pulse circuit at the required 
forward voltage, peak pulse current, pulse width and repetition rate, and inverse voltage, 
and with a grid circuit which represents the minimum driving conditions which may be 
allowed. 

PULSE CURRENTS. Pulse operation for thyratrons was not originally developed for 
industrial applications, and the life expectancies under such operation have been somewhat 
lower than those of other uses or other tubes. Cathode processing requirements are dif- 
ferent, to the end of obtaining from 10 to 20 times the peak current density that is obtained 
from industrial tubes. These currents are limited in duration, however, to a pulse width 
of the order of 5 microseconds. 

Many tubes designed for industrial operation are found to operate satisfactorily in 
low-power pulse circuits at much higher currents than their nominal ratings, and satisfac- 
tory pulse ratings have been developed for some industrial tubes. 

Pulse tubes are generally rated for a maximum pulse repetition rate, pulse width, aver- 
age current, and duty. For service in which none of these factors vary with time, the 
pulse width (in seconds) times the repetition rate (in pulses per second) will give the duty, 
or fraction of the total time, during which the tube is actually carrying a current pulse. 
This also serves as a relation between the peak and average currents, and thus limits the 
heating of the tube electrodes. In some applications it may be desirable to operate the 
tubes at a varying repetition rate; in this case the duty is sufficient to define the average 
current, and it becomes necessary to consider the minimum amount of time allowed be- 
tween adjacent pulses to take care of deionization. 

Because of the type of gas used in order to meet the strict deionization requirements, 
and the current densities used, the tube voltage drop during the pulse is inherently high. 
In addition, ionization requires some amount of time, during which time the arc voltage 
will be even higher. As a result, the tube voltage drop may rise to an initial value of 100 
to 300 volts and then drop during the pulse to a value of 50 to 100 volts, these figures 
depending on the type of tube and other factors. A value may be read at some specific 
time during the pulse as an indication of tube quality, or the tube voltage may be plotted 
against the tube current on an oscilloscope, the shape of the resultant curve serving as a 
basis for judgment. In this case the voltage is generally higher during the rising current 
than during the falling current, and the area enclosed in the corresponding traces is an 
indication of the amount of ageing of the cathode during conduction. Information for 
the proper testing of any tube type may be requested of the manufacturer. 

CONSTRUCTION. Although some industrial types of tubes have found pulse appli- 
cations, these have been at low repetition rates and voltages, and most of the usable tubes 
have been designed specifically for pulse operation. 

The cathodes are indirectly heated, since filamentary types have not been found satisfac- 
tory. Heating times are generally in the order of 1 to 3 min. This comparatively short 
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heating time has been obtained by winding light heater wire either inside the cathode 
cylinder or outside a cylinder which is coated on the inside and which may have vanes 
projecting toward the inside to increase the emitting area. The alkali-earth oxides are 
used for the emissive coating. 

The ionizing medium is usually hydrogen because of its light weight and high ion mobil- 
ity and consequent speed of deionization. Especial care must be taken in processing, 
however, because of the susceptibility of hydrogen to cleaning up into the parts, particu- 
larly in the presence of contamination. For some of the tubes, high-purity alloys are used 
which are not required in the ordinary tube. 

The anode must be completely shielded from any possible glow discharge or are except 
the normal discharge, and it is surrounded at close spacing by the grid. In addition to the 
usual openings through the grid, an additional shield is placed directly below these open- 
ings and cennected to the grid proper. This shield assures that the tube will maintain its 
highly positive characteristic and operate satisfactorily at high voltage. 

Most of the applications have been met by three tube types, one operating at a pulse 
voltage of 3000 volts and a pulse current of 35 amp; the second at 8000 volts, 90 amp; 
and the third at 16,000 volts and 325 amp. 


19. INSTALLATION AND OPERATION OF HOT-CATHODE THYRA- 
TRON TUBES 


For any particular application complete data should be obtained from the tube manufac- 
turer. Observation of the instructions will be amply repaid in satisfactory operation and 
long tube life. 

FILAMENT CIRCUIT. The greatest single cause of unsatisfactory tube operation in 
the past has been incorrect filament voltage. Too low a filament voltage results in low 
emission and sputtering of the cathode which will give very short tube life and may pre- 
vent the tube from ever operating satisfactorily. Too high a filament voltage results in 
an excessive rate of evaporation of cathode material which results in short tube life. A 
filament-voltage variation of +5 per cent is generally permitted. Line-voltage variations 
outside the specified +5 per cent limits for a very short time, such as 5 or 10 sec, are not 
generally very harmful in the cathode-type tubes where the cathode temperature changes 
rather slowly. If excessive voltage variations are experienced and no corrective apparatus is 
available, it is sometimes possible to put the apparatus into operation by so adjusting the 
filament voltage that it does not drop more than 5 per cent below the rated value during 
the worst periods of sustained low voltage. Under these conditions the average filament 
voltage will probably be high and tube life will be shortened but not to the same extent as 
with too low a voltage. 

CATHODE HEATING TIME. In some of the smaller quick-heating filamentary 
thyratrons it is possible, under some conditions of operation when the anode voltage and 
current are rather low, to apply both filament and plate voltages simultaneously without 
causing excessive damage. However, when full rated current is to be drawn or when a 
slower indirectly heated cathode is used, it is essential to provide some means whereby 
the tube will not pass anode current until the cathode is up to operating temperature. 
This may be accomplished by a switch in either the anode or load circuit or by proper 
bias on the grid. Wherever it can be economically justified, a time-delay relay or circuit 
may be used to give this protection. Such a relay will also provide protection in the event 
of a power failure. 

TUBE HEATING TIME. An inert-gas-filled thyratron is ready to operate as soon as 
the cathode comes up to temperature. It should be noted, however, that in a mercury- 
vapor tube this is not always true. The condensed-mercury temperature must be within 
the rated limits before the tube is operated. Under conditions of low ambient temperature 
where it is desired to bring the tubes up to operating temperature quickly, tube enclosures 
and external heaters may be advantageous. 

INITIAL HEATING. During shipment of mercury-vapor tubes the mercury may have 
become spattered over the tube electrodes. When first put into service the tube should be 
allowed to heat long enough to evaporate the mercury from the electrodes and to distribute 
it properly before anode voltage is applied. This may take a half hour or longer, depend- 
ing upon the size of the tube. 

ANODE CIRCUIT. Tubes should not be used in circuits: where the voltages are higher 
than the rated peak inverse or peak forward voltages of the tubes. If there is a possibility 
that transients may be present, a cathode-ray oscilloscope or calibrated sphere gap across 
the tube may prove very useful in determining to just what voltages the tube is sub- 


jected. 


4-72 ELECTRON TUBES 


CURRENT OVERLOADS. The low, essentially constant; voltage drop common to 
gas-filled tubes makes it possible to overload them injuriously to a greater extent than 
most hard-vacuum tubes, which have a rising voltage drop with increasing current. Once 
a thyratron tube is conducting, the current is limited only by the impedance of the load 
circuit. If it should be connected to a very low-reactance source of power with no load 
interposed, an abnormal current might flow, destroying the tube in a fraction of a second. 
A number of tubes are ruined in this way by experimenters, particularly those who are 
familiar with hard-vacuum tubes but who do not appreciate fully this important difference. 
For this reason tt is very important to make sure that some current-limiting impedance is in 
series with both the anode and grid leads when voltage is applied. 

This low, constant voltage drop makes it possible to impose heavy peak current over- 
loads on the tubes without drawing excessive average current as indicated by a d-c ammeter 
directly in series with the tube. Unless sufficient reactance is present in the circuit, these 
peaks may be experienced when tubes are used in rectifier applications with capacitors 
connected directly across the output, when tubes are used to charge storage batteries, or 
when they are operating into any type of counter emf load. Although calculations may 
sometimes be made, it is generally safest to check tube currents with an oscilloscope when 
high peak currents are suspected. 

REACTANCE OF POWER SOURCE. It is desirable to include enough reactance in 
the anode transformers or other sources of power to limit the tube short-circuit currents 
under any type of fault or failure to a value not greater than the surge current rating of 
the tube and to provide protective fuses or other interrupting devices to open the circuit in 
a reasonably short time, generally not in excess of 0.1 sec. Experience has shown that 
tubes operate much more satisfactorily in circuits in which this precaution is taken than 
in ones in which no such protection is provided. Various theories have been offered in 
explanation, but the fact has been well proved that high-reactance circuits give long tube 
life and low-reactance circuits give short tube life. In multitube circuits arcback of one 
tube often overloads the others, and again the circuit reactance must be depended upon 
to prevent permanent injury to these tubes. If excessively low-reactance transformers 
are used and if tube failures are encountered which show evidence of heavy overloads, such 
as blown-up stems or cracked seals, a small resistance or inductance placed directly in the 
anode lead of each tube will often stop the trouble. 

GRID CIRCUIT. Usually the source of grid power itself has sufficient impedance to 
prevent excessive grid current from damaging the tube. If any doubt is felt on this score 
a grid resistor should be used to prevent accidents. However, in certain types of inverter 
circuits it is advisable to use a relatively stiff grid circuit to help speed up deionization. 
In the selection of a resistor the grid-current specification of the particular tube to be used 
should be considered so that difficulty will not be experienced through the loss of bias 
caused by the flow of grid current in the grid resistor. This resistor should, however, be 
large enough so that the voltage measured directly at the grid with the tube conducting 
does not exceed its rated value with the normal operating grid-supply voltage. 


20. COLD-CATHODE TUBES 


The term “‘cold-cathode tube”’ refers to tubes in which, in general, the discharge is the 
self-sustaining glow type previously described. 

Since no cathode heating is required, the cathode life is not affected by standby opera- 
tion, and these tubes are particularly adapted to relay circuits of infrequent operation, if 
the current requirement is sufficiently small, in addition to the familiar regulator and 
rectifier applications. 

Cold Cathode. A cold cathode is a cathode operating at a temperature at which 
thermionic emission is negligible. 

Starter (or control anode). A starter of a cold-cathode tube is an electrode ordinarily 
used in conjunction with a cathode to initiate conduction 

Control Gap. A control gap of a cold-cathode tube is the conduction path between a 
starter and cathode in which conduction is ordinarily initiated. 

Main Gap. A main gap of a cold-cathode tube is the conduction path between a 
cathode and a principal anode in which the principal conduction ordinarily takes 
place. 

Anode Breakdown Voltage. The anode breakdown voltage of a cold-cathode tube is 
the anode voltage required to cause conduction to take place in the main gap when the 
control gap is not conducting. 

Starter Breakdown Voltage. The starter breakdown voltage of a cold-cathode tube is 
the starter voltage required to cause conduction to take place in the control gap. 
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Transfer Current. The transfer current of a cold-cathode tube is the control-gap cur- 
pets required to cause conduction in the main gap with positive voltage applied to the 
anode. 

Regulation. Regulation of a cold-cathode tube is the difference in voltage drop ob- 
tained over a range of conducted current. 

Inverse Anode Current. The inverse anode (or starter) current is the electron current 
flowing from the associated circuit to the anode (or starter) of a cold-cathode tube. 

Anode Drop. The anode drop of a cold-cathode tube is the main-gap voltage drop 
after conduction is established in this gap. 

Starter Drop. The starter drop of a cold-cathode tube is the control-gap voltage drop 
after conduction is established in this gap. 

VOLTAGE REGULATOR TUBES. Two-electrode, inert-gas-filled cold-cathode tubes 
are generally operated within a certain range of d-c load currents within which the tube 
voltage drop remains essentially constant. For instance, such a tube might break down 
or become ionized with a potential of 125 volts on the anode and then operate within 3 or 
4 volts of a 90-volt tube drop within the specified current range. As with the hot-cathode 
tubes, the variation in supply voltage therefore appears across the load resistance, and it is 
essential that this resistance be sufficient to maintain the load current within the required 
value. Some calculations are generally necessary to insure that adequate starting voltage 
is also available when the supply voltage to be regulated falls to its minimum value. 

Since regulator tubes are designed to conduct current in one direction only, they gen- 
erally have one small electrode and one large electrode, the large one acting as the cathode. 
Tube life depends upon the current density on the cathode (and therefore the size of the 
cathode), since sputtering of the metal will occur if the element is overloaded. 

THREE-ELECTRODE COLD-CATHODE TUBES. A third electrode or starter may 
be introduced into a cold-cathode tube to control the starting of the discharge. As with 
hot-cathode tubes the starter has no appreciable control once the discharge has occurred 
in the main gap until the anode potential has 


dropped below the tube voltage drop (some- 120 
times called sustaining voltage). 
The use of these tubes as relays is obvious 80 
because of their control characteristics. An- Le 
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control-gap current, and the tubes are used 
as voltage regulators with the cathode and 
starter as electrodes. 

The mechanism of operation of the starter is similar to that of the grid in a positive-grid 
thyratron. When positive voltage is applied to the starter, a small electron current known 
as a Townsend current will flow from the cathode. As the voltage and the Townsend cur- 
rent are increased, a point is reached at which ionization occurs in-the control gap. The 
control-gap current may then be increased by the control circuit until the transfer current 
is reached, at which point (depending upon the anode voltage) conduction occurs to the 
anode. At the anode breakdown voltage, conduction will occur without ionization in the 
control gap, and therefore the transfer current is zero. At the other extreme, the tube will 
not sustain a discharge at less than the anode drop, and hence the transfer current required 
at this point is infinite. Figure 20 shows a typical transfer-current characteristic. It is 
apparent that the anode operating voltage, when starter control is expected, must lie 
somewhere between the anode drop and the anode breakdown voltage. 

The control characteristics are subject to variation during life but may be expected to 
remain constant within 5 or 6 volts during most of life. Variation during shelf life may 
be of the same order of magnitude depending upon the length of storage and the light 


Fie. 19. Typical Cold-cathode-tube Character- 
istic 
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conditions for those tubes which do not have an opaque coating. The effect of light is 
negligible for medium light levels but will be appreciable at levels approaching darkness 
or direct sunlight, the numerical value of breakdown voltages decreasing as light intensity 
is increased, and conversely with decreased intensity. Most variations occurring during 
storage will disappear after a few seconds of operation. 


Anode voltage, volts 
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Fie. 20. Typical Transfer Current Characteristic 


TEST FOR COLD-CATHODE TUBES. Because of the effect of light and storage 
upon control characteristics, it is generally advisable that all tests be made with moderate 
illumination and with a few seconds of current conduction immediately before the test in 
order to stabilize the readings. Because of the low values of transfer current some errors 
may be introduced if capacitance effects are ignored, and it is therefore important that 
the starter resistance be placed immediately adjacent to the starter electrode. 

Breakdown voltage is measured by applying a positive d-c voltage to the anode and 
increasing it until the tube conducts current. The minimum value of voltage required to 
start conduction is measured. After the tube conducts, the tube drop may be measured at 
specified current values and the regulation thereby determined. For three-electrode tubes 
the anode breakdown voltage is measured as above, except with the starter connected to 
the anode through a resistance generally not exceeding 50,000 ohms. 

Transfer current is measured by applying the specified d-c anode potential and a positive 
starter voltage, with sufficient starter resistance to limit the starter current to less than 
the transfer value. The starter current is then increased until conduction takes place in 
the main gap, at which point the transfer current is measured by means of a microammeter 
in series with the starter. Care must be exercised to insure that the starter is electrically 
connected at every instant during this test. 

STROBOTRON TUBES. A modification of the three-electrode cold-cathode tube 
described is commercially called the Strobotron. This tube commonly has two control 
electrodes or grids together with the cathode and anode. The cathode is coated with a 
cesium compound, which breaks down during conduction and liberates free cesium. The 
tube is inert-gas-filled, and conduction occurs by formation of a cathode spot on the metallic 
cathode surface by concentration of a glow discharge. The voltage drop is therefore much 
lower than that of a glow discharge. These tubes are commonly used with neon gas as 
a source of high-intensity light for stroboscopic purposes but may also be used for control 
or relay purposes. Capacity is limited by cathode heating during conduction and by ion 
bombardment of the cathode as with other cold-cathode tubes. For this reason, although 
very high peak currents can be handled, the average current rating is generally 
quite low. 

A capacitance is generally used across the tube in operation. This capacitance is dis- 
charged through the tube in order to provide very high instantaneous current. It also 
serves as a means of stopping the discharge, since, as the capacitance discharges to the 
tube drop, the conduction changes to a glow rather than an are. This immediately raises 
the tube drop and the conduction ceases, the tube becoming deionized before the capacitor 
recharges to sufficient voltage to maintain even a glow discharge. Operation at too high 
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a frequency, or with improper circuit conditions, will frequently maintain a glow discharge 
in the tube and lose the advantage of the tube’s capacity for high peak currents. 

With this tube as with other cold-cathode tubes life is a function of average current and 
conduction time, there being no appreciable deterioration during storage. 

Available types of tubes are shown in Table 2. 


Table 2. Available Types of Cold-cathode Tubes 


Cathode Current, aats Breakdown 
Desig- milliam ‘ Volt 
Type mation pie Gate pete Sete Voltage A MT cess Remarks 
Average | Peak Drop a = anode 

874 RCA 10-50 90 125a Voltage regulator 
991 RCA 2 3 48-67 87a Voltage regulator 
BR Ray 50 60 Rectifier 
OA2 S, Hy, 5-30 150 155a Miniature voltage regulator 
‘ RCA 
OB2 Hy 5-30 105 133a Miniature voltage regulator 
OA3/VR75 GL-, S, 5-40 75 100a Voltage regulator 

RCA 
OB3/VR90 GL-, S 10-30 90 110a Voltage regulator 
0C3/VR105 | GL-,S, Hy, 5-40 105 115a Voltage regulator 

RCA 
OD3/VR150 | GL-, S, 5-40 150 160a Voltage regulator 

RCA, Hy 
1B46 Ss l- 2 79-85 225a Miniature voltage regulator 
1B47 iS} l- 2 75-90 225a Miniature voltage regulator 
1B64 Ss I- 2 65-75 225a Miniature voltage regulator 
313C WE 35 100 75 at 20 ma 70s Control tube 
313CC WE 18 50 75 at 20 ma 72s Control tube 
359A WE 15 40 75 at 10ma 75s Control tube 
395A WE 13 35 75 at 10 ma 77s Control tube 
OA4G S, RCA 25 100 70 75-90s Control tube 
1C21 RCA 25 100 73 66-80s Control tube 
618 KU- 15 100 180 Control tube 
1B48 Ray 6 50 100 at 6ma 800a High-voltage rectifier 

Prefix Used by 


GL- General Electric Company 
KU- Westinghouse Electric Corporation 


Letter Indicates 

WE Western Electric Company 

RCA _ Radio Corporation of America 

Ray Raytheon 

s Sylvania Electric Products, Inc. 

Hy Hytron Radio and Electronics Corporation 


21. POOL-CATHODE TUBES 


Pool Cathode. A pool cathode is a cathode in which the principal source of electron 
emission is a cathode spot on a metallic pool electrode. 

Cathode Spot. A cathode spot is an area on the cathode of an arc from which electron 
emission takes place at a current density of thousands of amperes per square centimeter 
and where the temperature of the electrode is too low to account for such currents by 
thermionic emission. 

Pool Tube. <A pool tube is a gas tube with a pool cathode. 

Single-anode Tube. A single-anode tube is an electron tube having a single main anode. 

Multianode Tube. A multianode tube is an electron tube having two or more main 
anodes and a single cathode. 

Ignitron. An ignitron is a single-anode pool tube in which an ignitor is employed to 
initiate the cathode spot for each conducting period. 

Excitron. An excitron is a single-anode pool tube provided with means for maintaining 
a continuous cathode spot. 

Pumped Rectifier. A pumped rectifier is a rectifier which is continuously connected 
to evacuating equipment during operation. 

Sealed Tube. A sealed tube is a tube which is hermetically sealed after degassing. 

Ignitor. An ignitor is a stationary electrode which is partially immersed in the cathode 
pool and has the function of initiating a cathode spot. 


4-76 


As mentioned previously, tubes of the pool-cathode type make use of the self-sustaining 
form of discharge. The cathode dark space is very small because of the high current den- 
sity, and the resulting high voltage gradient is assumed to cause field emission and thus 
maintain the high current density at an are voltage drop near that of the ionization voltage. 

Since there is no emissive material to be damaged, the pool cathode is capable of carrying 
extremely high currents without any deterioration. Tubes having such cathodes can 
therefore be used in applications where very high peak currents are required for short 
periods of time, or where it is desirable that a high short-circuit or arcback current be 
allowed without damage to the tube. This current can be much higher proportionally 
than for a hot-cathode tube. The pool cathode also has the advantage of not requiring 
heating time. 

On the other hand, the pool tube requires auxiliary circuits for maintaining ionization 
or for starting the ionization during each operating cycle. The size of the tube and the 
corresponding volume of ionization increases the difficulty of building high-voltage tubes, 
or those with rapid deionization. Further, because of the amount of current capacity, 
water cooling is required for most types, and corresponding protection must be provided 
to insure proper water flow and water temperature at all times. 


ELECTRON TUBES 


Available types of pool tubes are listed in Table 3. 


Table 3. Available Pool-cathode Tubes 


Type Designation Typical Ratings 

415 GL- 300-kva, 22.4-amp average, welder control ignitron (sealed) 

681/686 WL- 300-kva, 22.4-amp average, welder control ignitron (sealed) 

652/657 WL- 600-kva, 56-amp average, welder control ignitron (sealed) 

271 GL- 600-kva, 56-amp average, welder control ignitron (sealed) 

235-A GL- 1200-kva, 140-amp average, welder control ignitron (sealed) 

651/656 WL- 1200-kva, 140-amp average, welder control ignitron (sealed) 

655/658 WL- 2400-kva, 355-amp average, welder control ignitron (sealed) 

258-A GL- 2400-kva, 355-amp average, welder control ignitron (sealed) 

259-B GL- 600 volts d-c, 200 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c, 150 kw 

679 WL- 600 volts d-c, 200 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c, 150 kw 

653-B WL- 600 volts d-c, 500 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c 300 kw 

238-B GL- 600 volts d-c, 500 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c, 300 kw 

ES-8-01 Allis-Chalmers | 600 volts d-c, 500 kw (output of 6 tubes),* rectifier excitron (sealed) 
250 volts d-c, 300 kw 

507 GL- 600 volts d-c, 1000 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c, 600 kw 

688 WL- 600 volts d-c, 1000 kw (output of 6 tubes),* rectifier ignitron (sealed) 
250 volts d-c, 600 kw 

427 GL- 350-volt peak 10-amp glass demonstration ignitron (sealed) 

506 GL- 9000-volts d-c, 8100 kw (output of 6 tubes),* rectifier and inverter 

ignitron (sealed) 

8-in. tank | Westinghouse 600-volts d-c, 1000 kw (output of 6 tanks),* rectifier ignitron (pumped) 

10-in. tank | General Electric | 600-volts d-c, 1000 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250-volts d-c, 625 kw 

10-in. tank | General Electric | 3000 volts d-c, 1500 kw (output of 6 tanks),* rectifier ignitron (pumped) 

12-in. tank | Westinghouse 600 volts d-c, 1500 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250 volts d-c, 750 kw 

6-EP-20-01 | Allis-Chalmers | 600 volts d-c, 1500 kw (output of 6 tanks),* rectifier excitron (pumped) 
250 volts d-c, 750 kw 

16-in. tank | General Electric | 600 volts d-c, 2000 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250 volts d-c, 1000 kw 

16-in. tank | General Electric | 3000 volts d-c, 4000 kw (output of 6 tanks),* rectifier ignitron (pumped) 

15-in. tank | Westinghouse 600 volts d-c, 2000 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250 volts d-c, 1000 kw 

20-in. tank | General Electric | 600 volts d-c, 3000 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250 volts d-c, 1500 kw 

22-in. tank | Westinghouse 600 volts d-c, 3000 kw (output of 6 tanks),* rectifier ignitron (pumped) 
250 volts d-c, 1500 kw 

6-EP-20-11 | Allis-Chalmers | 1750 volts d-c, 2500 kw (output of 6 tanks),* rectifier and inverter 

excitron (pumped) 
HF-26 Allis-Chalmers |1000 cycles, 300 kw, multianode frequency changer (pumped) 


* These are typical operating conditions rather than absolute maximum ratings. 
WL., prefix used by,Westinghouse Electric Corporation; GL-, prefix used by General Electric Com- 


pany. 
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CLASSIFICATION. Pool-cathod 
In general, the single 
being built in the ra 


e tubes may be classified as sealed or pumped units. 
-anode sealed units are of comparatively lower current capacity, now 
nge from about 50 amp average to about 400 amp average. After the 
initial exhaust treatment these tubes are permanently sealed and no further pumping is 
required. Pumped units have been built largely of metal in either single-anode units or 
in a multianode form commonly called a tank. These units have a pump or system of 
pumps operating to maintain vacuum. Current capacity of these tanks is in the order of 
1000 amp average. Pool tubes may be classified still further as tubes in which there is 
continuous ionization and those in which the arc is initiated each time conduction starts 
and is extinguished at the end of each conducting period. 

MERCURY-ARC RECTIFIERS. The mercury-are rectifier is a familiar example of 
a pool tube in which continuous ionization is maintained. 


ST 


SS 


Za 


N 
gS 
= Se — 
Sa ~ 


—— 
ESS 
ZY 


Fig. 21. Typical Pumped Mercury-arc Rectifier Tank. (Courtesy of G. E. Co.) 


These types are made in both glass and metal. The glass types are sealed units with 
the mercury pool in the bottom and with glass arms extending out from the main body of 
the tube, slightly above the pool level. An anode is sealed into the end of each arm, which 
may or may not be bent, depending on the inverse voltage rating of the tube. ! Some two- 
anode types are made for lighting and railway service, but the more extensive applica- 
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tions are in three- or six-anode designs. These applications are mainly outside the United 
States and are in railway service and other power usage. A typical six-anode tube would 
have a capacity of the order of 400 amp average at 600 volts. 

The are spot of such tubes is generally formed by tilting the tube so that the mercury 
pool forms a circuit with a starting electrode. When this circuit is broken an arc is ini- 
tiated and is maintained by one or more auxiliary anodes. These anodes form with the 
pool a low-voltage rectifier the purpose of which is to keep enough current (6 or 7 amp) 
flowing through the tube to maintain the cathode spot. As the tube current increases, 
the cathode spot breaks up into several spots each carrying about the same amount of 
current. 

These tubes may be given grid-control characteristics by the addition of a grid around 
the anode in each arm. 

Figure 21 shows an example of a metal multianode pumped rectifier tank rated for 
1000 kw at 600 volts. Such tanks operate like the glass tubes except that the arc is ini- 
tiated by a probe electrode in the center of the pool. This electrode is magnetically con- 
trolled and makes and breaks contact with the pool in order to form the are spot. Joniza- 
tion is then maintained by auxiliary anodes such as the one shown on the right-hand side 
of the tank, extending from the top cover into the main volume. One of the main anodes 
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Fia. 22. Sealed Ignitron for Power Rectifier Service. (Courtesy 
of G Co.) 


tional bafHing below. The 
bottom surface of the tank 
slopes to allow the return of 
condensed mercury to the 
pool in the center, and a 
water-cooling system ex- 
tends completely around the 
outside of the tank, under 
the mercury’ pool, and 
through a cooling coil and 
cylinder in the center of the 
tank. This provides a maxi- 
mum of cooling area in con- 
tact with the are and thus 
provides the best control 
of operation. Direction of 
water flow is indicated by 
arrows in the cooling sys- 
tem. The exhaust connec- 
tion, vacuum controls, and 
pumps are shown at the top 
and right of the tank. 

Such tanks are built with 
voltage ratings as high as 
3000 volts direct current 
and with currents of the 
order of 1000 amp. 

IGNITRONS. Figure 22 
shows a typical sealed igni- 
tron tube. The two enclos- 
ing cylinders provide a path 
for cooling water, and, since 
the temperature of the inner 
tube wall is important in 


determining mercury-vapor pressure and operating capacity of the tube, it is essential 
that the required water flow be provided during operation. The graphite anode is 
designed for a maximum transfer of heat from its face and for a minimum of heat genera- 
tion from the high current flow. Mercury is thrown up from the pool by the action of 
the cathode spots, and a splash-hood baffle is placed directly above the center of the 
cathode to prevent splashes of mercury from hitting the anode or upper tube walls and 
thereby increasing the possibility of arcback. The purpose of a deionization baffle is 
easily seen, since it reduces the distance from the ionized area to a metal part. This part 
is particularly important in tubes designed for rectifier service, where the deionization 
requirements are more severe than in welder use. The auxiliary anode, also, is used for 


POOL-CATHODE TUBES 4-79 


rectifier service, where it is desirable to maintain ionization over the conducting period in 
order to provide for main anode currents below the value at which the are becomes un- 


ALLURE PLR RED GLYPTAL COATING 


BEFORE COMPRESSING AFTER COMPRESSING 


SECTIONAL VIEW OF VACUUM JOINT 

SHOWING ALUMINUM GASKETS, GROOVES 

WW ONE OF THE SURFACES, Ai SHAPE 

OF THE GASKET WHEN JOINT IS COMPRESSED 


y 


2 ay aF 


UPPER & LOWER 
WATER JACKET 
GONNEC TION. 


1 MYCALEX ANODE INSULATOR ; 
2 MYCALEX INSULATOR (LEAD TO INSULATED BAFFLE 

3 ANODE HEATER GOVER HELDe PROVDRG. UNFORM 
4 ANODE HEATER DISTRIBUTION OF COOLING 
5 VACUUM CHAMBER - COVER ; 

6 TWO(2) ALUMINUM GASKETS 


7 VACUUM CHAMBER Ht = INSULATOR PART 
8 WATER JACKET . 
9 GRID 
40 SUPPORT RING FOR PT. 9 
11 INSULATOR FOR PT. 9 ( MYCALEX) 
12 GRAPHITE ANODE = 
13 ANODE STUD 
14 MERCURY SPLASH BAFFLE 
15 IGNITOR TIP 17 
16 INDIVIDUAL VACUUM VALVE \8 ir 
17 HEAT SHIELD iT 4 
18 ANODE SPAGER ey 
19 MYCALEX INSULATOR FOR IGNITOR & RELIEVING ANODE LEADS iy 
20 ADJUSTING SCREWS FOR PT. 15 | | 
21 FLEXIBLE DIA. (AND ADJUSTING SCREWS PT. 20) 
PERMIT ADJUSTMENT OF IGNITOR IMMERSION (IN MERCURY I. =| 
POOL) TO CORRECT VALUE FROM OUTSIDE TANK | 12 
22 RELIEVING ANODE FOR IGNITOR TIP | 
23 MERCURY SEPARATORS My 13 
24 MERCURY POOL (CATHODE) | 
25 CATHODE CONNECTION | q 
26 EXHAUST BAFFLE 8 
27 EXHAUST PIPE 
28 GASKETS (INNER - FORMVAR) 
-(OUTER - ALUMINUM) ry 
14 


MERCURY RETURNS TO 
POOL THRU THIS 
PASSAGE 


$9 20 2128 22 


Fia. 23. Pumped Ignitron Tank. (Courtesy of G. E. Co.) 


stable, usually 3 to 4 amp. Tubes for welder applications may be built without the two 
baffles and the auxiliary anode. On the other hand, tubes built for high-voltage rectifier 
use may have several baffles or grids surrounding the anode in order to provide high-voltage 
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control and to reduce deionization time, and they may also have two or more ignitors in 
order to assure operation in the event of an ignitor failure. 

Figure 23 shows a typical pumped ignitron tank, with vacuum-tight joints and flexible 
ignitor support to allow adjustment of the ignitor position; the other parts are similar in 
use to those in the sealed tube. The sealed and pumped units are used in similar applica- 
tions. 

IGNITOR CHARACTERISTICS. The ignitor as shown in Fig. 22 is shaped somewhat 
in the form of a pencil and is composed largely of boron carbide. The composition is such 
that the high temperature of the arc has practically no effect upon the ignitor surface, 
and there is no tendency for the mercury to wet the surface unless foreign material becomes 
deposited at the contact area. 

The ignitor acts simply as a resistor; a current flows through it into the cathode pool 
when voltage is applied between the ignitor terminal and the cathode. When sufficient 
current flows, an arc is started between ignitor and pool, and conduction is established 
through the tube provided that positive anode voltage is applied. Resistance of the ignitor 
may vary from 10 to 100 ohms, and ignition may occur at instantaneous currents of 1 or 2 
amp with 100 to 200 volts or at 15 to 30 amp with but a few volts applied. The manufac- 
turer’s data should be consulted to determine the exact ignitor requirements to insure 
proper operation throughout the life of the tube. 

Formation of the are may be caused by one or both of two mechanisms. At the point 
where the ignitor is immersed the mercury forms a meniscus, so that its surface is separated 
from the ignitor surface by very small distances at some points. High-voltage gradients 
exist across this space and cause a discharge to start. Another possible method of ignitor 
operation is that of developing heat at the several contact points of the rough ignitor 
surface with the mercury surface. The rapid heating at these sharp contacts due to the 
ignitor current flow causes the mercury to vaporize rapidly and break contact, thereby 
starting the desired arc. 

Conduction to the anode occurs in the order of 20 to 200 microseconds after application 
of the critical ignitor voltage or current. 

Ignitor ratings include the maximum allowable peak voltage and peak current ratings, 
which insure that the ignitor will not be eroded or otherwise affected during operation. A 
maximum average current rating limits the heating which may contribute to short life. 
The maximum required peak voltage and current specify the worst conditions of current 
or voltage expected for consistent firing, and a circuit designed to provide at least these 
requirements will provide satisfactory operation during the tube life. 

Since the arcback characteristic of ignitrons depends upon current, voltage and tem- 
perature, the tubes are rated for more than one load current depending upon the operating 
voltage and duty cycle. For tubes in rectifier service these ratings take the form of two or 
more discrete current ratings at corresponding voltages or length of time of operation. 
For welding tubes, a curve of demand kva (rms current times rms circuit voltage) vs. 
average tube current is used, thus taking into account the on ‘and off times of the welder 
as well as the maximum current carried. 

IGNITRON TESTS. Because of the size of the tubes and equipment involved ignitrons 
are tested where possible in an operation circuit which closely approximates the applica- 
tion conditions. Tests at the maximum current, voltage, and duty cycle should give an 
indication, within a very short time, of the quality of the tube. The arcback rate is fre- 
quently used as a determining factor of this quality. The water-cooling coils are tested 
for their capacity to withstand expected water pressures, but more important than this 
test may be the user’s test of the purity of the water being used, since sediment or scale will 
seriously reduce heat transfer from the inner wall of the tube. 

Ignitors are generally tested in a simple manner by measuring the resistance from ignitor 
terminal to cathode pool under conditions of normal mercury level. A much more severe 
test is to apply a specified firing voltage and measure the time required for the tube to 
conduct current, or to measure both the ignitor current and ignitor voltage at which con- 
duction takes place. 

EXCITRONS. The excitron is a currently available type of metal rectifier, built in 
both sealed and pumped units. This type has the advantages of other single-anode 
rectifiers for production and maintenance and has the firing characteristics of the multi- 
anode tanks in which ionization is maintained continuously. 

In general construction, commercially available excitrons are similar to the sealed or 
pumped ignitron except that the cathode is insulated from the tube wall, as it is in the 
metal mercury-are rectifiers. This prevents travel of the arc to the wall where the metal 
may be vaporized and deposited over other parts of the tube. In the ignitron type of 
tube the arc is extinguished every cycle, and this problem is not of major importance. 

The arc is established in the excitron by a jet of mercury propelled up from the cathode 
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to contact an excitation anode, causing a temporary short circuit and are formation. A 
magnetically controlled plunger operates the mercury jet when required, and the arc is 
maintained, once established, by the excitation anode circuit. 

In the use of a control grid around the anode and suitable baffling the excitron is similar 
to ignitrons and other rectifiers. 
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X-RAY TUBES 


By S. Reid Warren, Jr. 


22. GENERAL PHYSICAL REQUIREMENTS 


X-ray tubes may be divided into three general classes: (1) cold-cathode, gas-filled tubes; 
(2) hot-cathode, high-vacuum tubes; (8) cold-cathode, high-vacuum tubes. The last- 
named tube has been used to produce x-ray exposures of short duration (approximately 
1 psec) by field emission (see reference 8). Hot-cathode x-ray tubes are now used almost 
exclusively. Nevertheless a description of gas-filled x-ray tubes is of more than historical 
interest, since the phenomena of electric discharge in these tubes show clearly the limita- 
tions and the necessity for the careful design of all x-ray tubes. 

The x-ray tubes employed by Roentgen and his successors in the field of x-ray research 
up to 1912 contained an anode, a cold cathode, and sometimes an electrode called the 
“anticathode.’’ Only two electrodes are 
necessary, although it was alleged that 
the presence of the third electrode was 
accompanied by greater stability of the 
electric discharge through the tube. 
They are arranged in a glass bulb in the 
manner shown in Fig. 1. The tube is 
exhausted to a pressure of a few microns 
of mercury. The gas contains a number 


of free electrons. If there is a potential Flectrons are Ejected from a Cold Cathode C by Tonic 
difference of the order of 40 to 80 kv Bombardment. G, the glass envelope. A, the anode 
across the electrodes of the x-ray tube, disk of platinum, tungsten, or molybdenum. C, the 


. cathode, made in the form of a segment of a sphere to 
these free electrons ene accelerated ID focus the electrode stream upon a small area of the 
the direction of the positive terminal or anode surface or focal spot. 


anode. They acquire sufficient velocity 

to remove one or more electrons from atoms of gas in their path. The ions formed by the 
ejection of these electrons from gas atoms have net positive charges. Under the action of 
the electric field these positive ions are accelerated toward the cathode. When the posi- 
tive ions impinge upon the cathode, electrons are ejected from it. They in turn are at- 
tracted toward the anode and acquire a velocity depending upon the anode-cathode volt- 
age. The electrons which impinge upon the anode at high velocity cause the generation 
of x-rays near the surface of the anode. As a result of the positive-ion stream passing 
toward the cathode and the electron stream passing to the anode, a current flows through 
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the x-ray tube, which, in accordance with convention concerning the direction of current 
flow, is said to pass from anode to cathode. 

The process involved in the generation of x-rays at voltages of the order of 100 kv is 
extremely inefficient. Of the total electrical energy supplied to an x-ray tube only about 
0.01 per cent is transformed into useful x-rays. Of the remainder, the greatest part is 
dissipated as heat from the x-ray tube anode. 

The current through an x-ray tube of this type cannot be controlled independently of 
the voltage. As the parts become heated during operation the gas pressure within the 
tube changes, often in an unpredictable manner, apparently influenced as much by the 
previous history of the tube as by the coatemporary electrical input conditions. If the 
pressure within the tube decreases, a higher anode-cathode voltage is required to cause the 
flow of a given current. The x-rays generated at high voltage with low gas pressures are 
more penetrating than those generated at lower voltages with higher gas pressures. Low- 
pressure, cold-cathode tubes and the highly penetrating x-rays generated by operating 
them at high voltages are called hard tubes and hard x-rays. Tubes with relatively high 
pressure operated at low voltages are called soft, and the radiation so generated is called 
soft radiation. The terms hard and soft are purely qualitative. 

In spite of ingenious attempts to make a practically useful cold-cathode x-ray tube, it 
has been used very little since the invention in 1913 of the hot-cathode x-ray tube by 
W. D. Coolidge and his co-workers. 

Two important investigations during the period 1908-1913 contributed to the develop- 
ment of an x-ray tube in which the current can be varied independently of the voltage. 
Langmuir had investigated thoroughly the electronic emission from hot metallic filaments 
noted by Edison and earlier by Elster and Geitel. Briefly, to summarize this work, the 
following important findings are noted: 

1. Unless the pressure of the gas within the tube is less than about 1 micron of mercury, 
positive ions produced in the same manner as those in the gas x-ray tube described above 
cause an important variation in the electron output of the filaments. At pressures lower 
than this the electrons emitted by the hot body are due apparently entirely to thermionic 
emission, and therefore their number depends only upon the cathode material and its 
temperature. 

2. In general the introduction of various gases causes a considerable decrease in electron 
emission, particularly at low filament temperatures. This effect should not be confused 
with the effects due to ions formed in the added gas. 

3. At very low gas pressures the thermionic current from a tungsten filament varies with 
the temperature in the following manner: 


2 = aT2e— /T) 


T is the absolute temperature; 7, the current in amperes per square meter of cathode 
surface; for tungsten a = 6.02 X 10° amp per sq m per (degree) ?; b = 52,400 deg K. An 
expression similar to this was first developed by Richardson. 

4. The operation of a tube with high vacuum is greatly influenced by a space charge 
consisting of a cloud of electrons surrounding the hot filament. 

Investigators have found that x-rays are generated more efficiently by elements with 
high atomic number. Therefore they attempted to find a metal with the following charac- 
teristics: 

1. High atomic number, to provide efficient x-ray generation. 

2. High heat conductivity, to allow for dissipation of the heat generated at the x-ray 
tube anode. 

3. Low vapor pressure, to assure stable operation. 

4. High melting point, to provide sufficient capacity. 

5. Ease of machining and relatively low cost. 

X-ray tubes employed by workers who immediately followed Roentgen contained 
anodes of platinum. It was found subsequently that tungsten was better suited than 
platinum in all respects except that it was impossible, by means developed up to that time, 
to purify and to machine. A period of several years was required to devise methods for 
producing and working tungsten. The manufacture of uniform, standard x-ray tubes 
depends upon the carefully controlled processing of the component metal and glass parts. 
The method now generally used requires the removal and purification of an oxide of tung- 
sten from the ore wolframite. The powdered oxide is formed into blocks and heated in 
the presence of hydrogen. After such treatment, the oxide is reduced to metallic tungsten; 
the bar contracts but remains extremely weak mechanically. It is, however, sufficiently 
strong so that bars about 2 cm square and 15 to 20 cm long may be supported at one end 
by a water-cooled copper electrode, while the other end rests in a pool of mercury which is 
also cooled. This system is surrounded by a jar through which hydrogen passes. An elec- 
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tric current is passed through the tungsten bar, heating it to about 2800 deg cent. Gradu- 
ally the metal contracts and becomes mechanically stronger. It is then heated to red heat 
in air and swaged. This process consists of operating upon the tungsten bar with tools 
which pound it radially from several directions. By this treatment the tungsten becomes 
hard, homogeneous, and ductile. It is possible to continue the swaging process until the 
bar has been reduced to a diameter of a few millimeters. It may then be drawn into tung- 
sten wire by means of diamond dies. The larger bars may be cut or polished by means of 
Carborundum. Solid tungsten anodes for x-ray tubes may be constructed from such bars. 
Smaller sections can be cut by means of 
thin (0.01 in.) rubber disks a few inches 
in diameter containing 240-grit Carbo- 
rundum and operating, wet, at high 
speeds (9000 rpm). 

W. D. Coolidge devised an x-ray tube 
like the one shown in Fig. 2. He found 
that it had the following characteristics: 


: a 2 ONG yusiag: OF per Fic. 2. Basic Elements of an X-ray Tube in Which 
only 1n € direction irom anode tO lectrons are Ejected from a Hot Cathode C by Therm- 
cathode. lonig Benoa? G, the aes Cad eter the anode disk, 

y i usually of tungsten. , the cathode coil of tungsten 
t : The ee pe Be ry the 4 ae wire. S, the metal focusing shield connected electrically 
ube 1s prachicalty, Independent. oO e to one of the cathode leads. 
voltage applied to the anode and cathode 
for voltages of 30 to 200 kvp. The current may be varied by changing the temperature 
of the tungsten cathode. 

3. The area upon the anode over which electrons impinge may be controlled by the 
cathode shield S and by the position of the cathode coil C within this shield. 

X-ray tubes are employed for the following purposes: 


VOLTAGE CURRENT 
PuRPOSE Limits Limits 

1. Generation of x-rays for the treatment of disease 

(xeray therapy) ts arracmte ae ca evewie cious aFe in es ea tials 12-2000 kvp 0.1- 30 ma 
2. The production of x-ray shadow pictures for medical 

diagnosis (roentgenography)..............-2+0++ 30—- 110 kvp 10 -500 ma 
Ss industrialroentgenography.c.si1+ «6 sre tosters «tests oe ore 30-2000 kvp 0.1-100 ma 
ATEXETAVAGIIEA CHOI ejettayar «Sisko siahartalete ele ielenaletalcls ese tokelets 10— 100 kvp 2 -100 ma 


Tubes for these various purposes differ considerably in structure. Some of the tubes 
now available are described in the following sections. 
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Roentgenologists require, for general x-ray therapy, tubes that will operate under the 
following conditions: 

1. Tube voltages of 50 to 400 kvp and tube currents of 2 to 30 ma (average), supplied 
by constant-potential, full-wave pulsating, or half-wave pulsating high-voltage generators. 

2. Exposures of 0.5 to 30 min duration are used. 

3. Insulation to minimize the hazard of electrical shocks to patient and operator are 
essential. 

4. X-rays must be confined to a cone the axis of which passes through the tube target 
and the part of the patient’s body to be treated, to minimize the possibility of x-ray burn 
to the operator and patient. 

The length of an x-ray tube depends upon the maximum anode-cathode voltage to 
which it may be subjected. The ends of the tube, to which the electrical connections are 
made, must be separated sufficiently to prevent sparkover. The electrical stress in the 
glass envelope must be sufficiently low to prevent puncture. The tube must be mechani- 
cally strong enough to support the anode and cathode assemblies rigidly. Therapy tubes, 
for use at 50 to 400 kvp, immersed in oil, are 0.2 to 1.5 m long. Formerly the glass en- 
velopes were made of soft glass. Manufacturing methods devised recently have led to the 
use of a hard glass such as Pyrex. Pyrex has superior heat-resisting qualities, greater 
dielectric strength, and greater mechanical strength than soft glass. Air-cooled therapy 
tubes have a spherical glass bulb, 15 to 25 em in diameter, surrounding the anode and 
cathode. This method of construction has the following advantages: 

1. The sphere radiates more heat than a small cylindrical envelope. 

2. The glass is far enough from the anode and cathode so that it is not stressed by strong 
electric fields caused by the applied anode-cathode voltage. 
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3. Stray electrons do not collect on the interior of the spherical surface in sufficient 
quantity to cause unstable operation or puncture of the tube. 

In the so-called Universal tube, Fig. 3, a bar of molybdenum 0.5 cm in diameter is 
supported by glass at the end of the anode stem and extends into the tube, concentric 
with its axis, to a point about 5 cm from the tube center. At this end of the bar a solid 
tungsten block is fastened. This block is 
truncated at an angle of 45° with the tube 
axis. The minor axis of the elliptical face thus 
formed is 2 em long. The minor axis of the 
target or focal spot is approximately 1.8 cm. 

: é Heat is dissipated chiefly by radiation. A 
Eee Gage eee enea be ond bab spherical glass bulb is required to aid this heat 
dissipation. 

The tubes with spherical bulbs are difficult to mount and to shield by reason of their 
size. Modern therapy tubes are therefore designed for operation immersed in oil, with 
cooling of the anode by means of oil that is forced against the back of the anode by a 
pump. Special design of the electrodes, the use of hard-glass envelopes, and oil immersion 
result in tubes that are considerably smaller than tubes designed for mounting in air. An 
example of such a tube is shown in Figs. 4 and 5, designed to operate, in oil, at 250 kvp, 
15 ma. Note the hollow cylindrical projection (hood) from the region of the tungsten 
target toward the cathode; this hood prevents secondary electrons from impinging on the 
inner surface of the glass envelope. 

The cathode coil is usually a tungsten spiral which operates at 5 to 10 volts, 3 to 6 amp. 
The coil is supported and surrounded by a metal cup to shield the glass from secondary 
electrons and to focus the electron stream upon the target or focal 
spot of the anode. In a therapy tube a small focal spot or source 
of x-rays is not necessary. The focusing action of the cup is 
limited to preventing electrons from going past the anode face 
into the anode stem. 

Tubes, such as that shown in Figs. 4 and 5, are often placed in 
a grounded metal tube head, supported by means of a tube stand 
that permits easy mechanical manipulation of the tube. High- 
voltage leads are flexible shockproof cables with a grounded ex- 
ternal sheath. Figure 6 shows an apparatus of this kind being 
adjusted to make an x-ray film of a weld; therapy tube stands are 
essentially similar. The tube head and the rectangular cone ex- 
tending from the head toward the weld are lead lined; thus the 
x-ray output is confined to a relatively sharply defined beam 
through the cone. 

All x-ray tubes used for the routine treatment of deep-seated 
tumors are evacuated to a pressure of 10~* micron of mercury or 
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less. It is necessary not only to evacuate to this pressure while the anode and cathode 
are cold but also to heat the metal parts by means of high-frequency induction while the 
pumping proceeds. Before being sealed off, the tube is operated at an anode-cathode 
voltage and current slightly in excess of the tube rating to insure thorough degassing of 
the metal parts. 
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HIGH-VOLTAGE THERAPY TUBES. X-ray 
apparatus for therapy and for industrial radiography 
at tube voltages of 1000 and 2000 kvp are contained 
in steel tanks, in which air or ‘‘Freon’’ is maintained 
at a pressure equivalent to several atmospheres. The 
source of high-voltage, mounted in the tank with the 
x-ray tube, is a van de Graaff generator or a specially 
designed transformer operating at 180 cycles per 
second. The tubes are sealed, with the anode placed 
at one end of the cylinder; the cathode is placed at 
the other end. The anode is grounded, and the focal 
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Fie. 6, 220-kvp Shockproof X-ray Tubehead and Tube- 
stand. (Courtesy X-ray Division, Westinghouse Electric 
Corporation.) 


spot is cooled by water that flows over the end of the 
tube. A tube rated at 2000 kvp is shown in Fig. 7. 
This tube has a gold target; there is some evidence 
that the surface of the focal spot is molten during 
operation, although there is no evidence of the in- 
stability that might be expected to accompany this 
condition. Note that the tube is equipped with a 
series (180) of accelerating anodes. These are re- 
quired to maintain uniform potential gradient along 
the tube and to minimize the effects of electrons’ 
diverging from the beam. The magnetic focusing 
coil shown in Fig. 7 insures stable size, shape, and 
position of the focal spot on the gold target. The 
tube is approximately 9 ft long; the extension from 
the lowest accelerating anode to the target is 3 ft. 
The rating is 2000 kvp, 300 pwamp.; the focal spot, 
with magnetic focusing, is approximately 2.5 mm in 
diameter. 
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Fie. 7. Tube for Therapy and In- 

dustrial Radiography; Operating 

Voltage 2000 kvp. (Courtesy Mach- 
lett Laboratories.) 
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24. TUBES FOR MEDICAL ROENTGENOGRAPHY AND 
ROENTGENOSCOPY 


To produce diagnostically useful roentgenograms of parts of the human body, x-ray 
tubes with the following characteristics are required: 

1. The focal spot or source of x-rays must be as small as possible in order to obtain 
sharp shadow borders. 

2. The technique of roentgenography prescribes x-ray tube voltages of 30 to 110 kvp, 
x-ray tube currents of 10 to 500 ma (average), and exposure times of !/39 to 30 sec. 

3. The primary x-ray beam must be confined to a cone with the focal spot at the apex 
and the film at the base to protect the operator from x-ray burn. 

4. Insulation of the tube and high-voltage leads is advisable but not necessary (except 
in dental roentgenography) since the focal spot-film distances generally used are greater 
than 60 cm. 

Except for the requirement that the focal spot be small, the same principles are applied 
in designing roentgenographic tubes as those described above for therapy tubes. The 
need for minimizing the focal spot size having been prescribed, certain practical factors 
are found to oppose this decrease: 

1. For any particular method of anode construction the energy dissipated at the focal 
spot during an exposure cannot exceed the value which will melt the tungsten target. 
The melting point of tungsten is 3370 deg cent. 

2. Owing to the thickness of the part to be roentgenographed, the shadows of parts 
farthest from the film are more distorted than those near the film. The focal spot-film 
distance must be increased to decrease this effect. The energy supplied to the tube in- 
creases in proportion to the square of the focal spot-film distance. Therefore, the focal 
spot area must be increased in like proportion. In other words, if the focal spot-film dis- 
tance is increased to reduce the magnification of shadows of parts at a distance from the 
film, the focal spot must be enlarged, the energy supplied to the tube must be increased, 
and the sharpness of the shadows remains unchanged. 

3. Parts of the body are continually in motion. Roentgenograms of such parts must be 
made in as short a time as possible to minimize the unsharpness or blurring caused by 
motion during exposure. The minimization of exposure time requires an increase in focal 
spot size, all other factors remaining constant. For example, roentgenogram of the chest 
of a cadaver may be made with a tube having a focal spot less than 1 mm square. To 
make a roentgenogram of the chest of a normal adult requires a tube with a focal spot at 
least 3 mm square. Even this is a compromise, for no matter how short the exposure time 
some unsharpness is produced by motion. 

Nearly all roentgenographic tubes now manufactured are constructed and used so that 
the line from the focal spot to the center of the film makes an angle of 10° to 45° with the 
anode face. The projection of the actual focal spot (the source of x-rays) upon a particular 
point in the film is called the effective focal spot area at that point. Figure 8 illustrates 
three types commonly used. The effective focal spot F»2 for the 45° tube is a circle 6 mm 
in diameter. The effective focal spots for the 20° and 10° tubes having the same target 
areas as the 45° tube are squares with sides of 3.7 mm and 2.6 mm, respectively. The max- 
imum allowable exposure energies (for exposure times less than 0.2 sec) are equal for the 
three tubes, since the actual focal spot areas are equal. Therefore, for a given maximum 
rating the sharpness of the roentgenographic image increases as the angle between the 
focal spot and central x-ray beam decreases. Two limitations prescribe the minimum 
focal spot-film distances at which a tube may be used: 

1. The intensity of x-rays emanating from the focal spot within a few degrees of the 
tangent to the anode face is less than the intensity of the central beam at the same dis- 
tance from the tube. The intensity must be practically uniform over the area of the x-ray 
film, in the absence of absorbing objects between tube and film. 

2. The effective focal spot size and the distortion vary over the film area. This varia- 
tion must be minimized to insure that the roentgenogram is diagnostically useful over its 
entire area. 

The design of roentgenographic tubes is determined in general by the criteria described 
above in article 23, ‘“‘Tubes for X-ray Therapy.’’ There are three requirements which 
differ qualitatively: 

1, The anode-cathode voltages are less for roentgenography than for therapy. 

2. It is extremely important to produce a small, uniform effective focal spot in roent- 
genographic tubes. 

3. Exposure times for roentgenography are relatively short, requiring that the anode 
have a high heat capacity. 
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Modern roentgenographic tubes use the line or band focus shown in the 20° and 10° 
sketches, Fig. 8. The target is a disk of tungsten about 1.5 mm thick, usually with an 
area two or three times the actual focal spot area. The tungsten is embedded in a heavy 
copper bar. Suitable thermal contact between the tungsten and copper is difficult to 
obtain. The usual procedure involves fixing the tungsten disk at the bottom of a graphite 
crucible and pouring molten electrolytic copper over the disk. The casting is accomplished 


A A=Anode 
2s B=X-ray Film 
10° Fy=Actual Focal Spot 
+ —a— Fo=Effective Focal Spot 
F, 
B 
FE 


1 


Fie. 8. Relations of Actual Focal Spots, F'1, and Effective Focal Spots, F2, for Roentgenographic Tube 
Anodes. Actual focal spot areas of all three tubes are equal. 


in an evacuated chamber to prevent the formation of any compounds that might prohibit 
the adherence of the copper to the tungsten. 

With the type of construction just described, the maximum allowable exposure rating 
for exposures of 1 sec or less is 250 watts per square millimeter of actual focal spot area. 
For long exposures the rating depends upon the efficiency of the heat-radiating system, 
and therefore it is specified for each type of tube by the manufacturer. These data are 
given in graphical form, called tube rating charts. 

Shock-proof roentgenographic tubes are constructed similarly to the therapy tube 
shown in Fig. 6. 

To increase the rating for a focal spot of a given size, tubes have been developed with 
rotating anodes, the cathode stream being so directed that the focal spot is separated 
several millimeters from the tube axis. Different areas of the rotating anode therefore act 
as focal spot during the exposure. Two such tubes are shown in Figs. 9-12, The anode 


Yia. 9. Rotating-anode Roentgenographic Tube. Ratings (in oil-insulated tubehead): 2-mm focal 

spot, maximum voltage 100 kvp, 500 ma at 90 kvp for 1/39 sec, 400 ma at 80 kvp for 1/5 sec; 1-mm focal 

spot, maximum voltage 100 kvp, 200 ma at 90 kvp for 1/29 sec, 100 ma at 90 kvp for 3 sec. (Courtesy 
Machlett Laboratories.) 


within the evacuated tube envelope operates as the rotor of a split-phase induction motor. 
These tubes are equipped with two cathodes; one produces an effective focal spot 1mm 
square; the other, 2mm square. The rotors operate at approximately 3000 rpm. 

The tube shown in Figs. 9 and 10 is equipped with an anode comprising a tungsten disk 
approximately 6 em in diameter and 2.3 mm thick. This disk is mechanically connected 
to the rotor of the driving motor by means of a short molybdenum shaft; the entire assem- 
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bly is blackened to promote radiation of heat to the oil surrounding the tube when it is 
operating in its shockproof tube head. The balls of the bearing within the vacuum tube 


y 


Fic. 10. Section of Rotating Anode 
Tube Shown in Fig. 9. (Courtesy 
Machlett Laboratories.) 


are coated with a thin, uniform film of silver, which 
reduces bearing friction. Samples of the manufac- 
turer’s ratings are listed below Fig. 9. 

The anode structure of the tube shown in Figs. 11 
and 12 consists of a tungsten cap backed by a heavy 
copper blackened cylinder, the purpose of which is to 
provide high heat storage and a large area for the 
radiation of heat to the oil surrounding the tube en- 
velope. The ball bearings of this tube are lubricated 
by thin films of barium. 


Fie. 11. Rotating-anode Roentgenographic Tube. 
Ratings (in oil-insulated tubehead): 2-mm_ focal 
spot, maximum voltage 100 kvp, 500 ma at 90 kvp 
for 1/39 sec, 400 ma at 80 kvp for 2/5 sec; 1-mm focal 
spot, maximum voltage 100 kvp, 200 ma at 94 kvp 
for 1/99 sec, 100 ma at 90 kvp for 5.6 sec. (Cour- 
tesy General Electric X-ray Corporation.) 


Rotating-anode tubes are usually equipped with counters to record the number of 
exposures, and with control circuits that prevent high-voltage excitation of the tube unless 
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the anode. is rotating at rated speed 
(approximately 3000 rpm). 

Tubes used for roentgenoscopy (view- 
ing of x-ray shadows by means of a 
fluorescent screen) are similar to the 
stationary-anode tubes described above, 
except that focal spots less than 2 mm 
square may be used, since the current 
seldom exceeds 10 ma. These tubes are 
often non-shockproof, since they are 
commonly mounted under a fluoroscopic 
table, out of reach of operator and 
patient. 

Modern roentgenographic and fluoro- 
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Copper Anode and —_geopic tubes should be used about 10-20 


Tungsten Rotor Housing 


per cent below the manufacturers’ 


Blackened Surface ratings to guarantee a long useful life. 


Fig. 12. Section of the Rotating-anode Tube Shown Roentgenographic tubes, so operated, 
in Fig. 11. (Courtesy General Electric X-ray Corp- often can be used for 100,000 exposures 


oration.) 


or more. 
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25. TUBES FOR INDUSTRIAL ROENTGENOGRAPHY 
AND FLUOROSCOPY, AND FOR X-RAY DIFFRACTION 


The use of x-rays (and of gamma rays) for the examination of commercial products has 
greatly increased, particularly during World War II; such examinations are quick and 
non-destructive. The following are representative of the diverse applications of this 
method of inspection: the examination for flaws in castings and welded joints; the inspec- 
tion of packaged foods for foreign bodies; the final checking of manufacturing tolerances 
in such items as golf balls and multielectrode vacuum tubes; the inspection of packages for 
contraband; the inspection of citrus fruits suspected of being damaged by frost; the in- 
spection of paintings and mummies. 

X-ray tubes for industrial radiography and fluoroscopy are similar to those described 
in articles 23 and 24. The desire to use x-ray tube voltages up to 2 Mv for radiography of 
thick (as much as 0.3-0.4 m) steel was, in fact, a major stimulus to the development of 
the high-voltage tubes described in 
article 23 (Fig. 7). In all industrial 
radiographic tubes, regardless of 
voltage, as small a focal spot as 
possible must be produced to mini- Fre. 13. Shockproof X-ray Diffraction Tube, with Grounded, 
mize the unsharpness of shadow Water-cooled Anode of Molybdenum, Copper, Cobalt, or 


F 6 a Iron, and a Window of Beryllium. Ratings 50 kvp, 10-20 
borders, just as in medical roent- ma, continuous. (Courtesy Machlett Laboratories.) 
genography. 


Since industrial radiographic equipment may have to be moved about in a factory to 
use it near a heavy object to be inspected, design of equipment is based upon movability, 
flexibility of adjustment, and adequate protection of personnel from electric shock and 
excessive exposure to x-rays. Thus all industrial radiographic apparatus now manufac- 
tured is shockproof and shielded with lead or other x-ray-absorbing material, except in 
the direction of the useful beam. 

The investigation of the structure of crystalline materials by means of x-ray diffraction 
has been developed from the early (1908-1915) theoretical analysis and experiments of 
von Laue, Friedrich, Knipping, W. H. and W. L. Bragg, and their colleagues. In recent 
years, x-ray diffraction apparatus suitable for routine analyses of crystal structure has 
been used in industry. X-ray tubes for this purpose consist of an anode of tungsten, 
molybdenum, copper, iron, or cobalt, a conventional incandescent tungsten cathode, and 
one or more windows of beryllium, which has an extremely low x-ray absorption coefficient. 


Fig. 14. Section of X-ray Diffraction Tube Shown in Fig. 13. (Courtesy Machlett Laboratories.) 


The tubes operate at 10-50 kvp, 10-50 ma. A selective filter may be used to isolate the 
characteristic radiation from the anode, thereby producing a relatively intense, almost 
monochromatic beam of x-rays. A photograph of an x-ray diffraction tube and a cross- 
section of the tube are shown in Figs. 13 and 14. 
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ELECTRIC CIRCUITS, LINES, AND FIELDS 


THEORY OF LINEAR PASSIVE NETWORKS 


By P. H. Richardson 


The networks to be considered are assumed to consist of resistances, inductances, 
capacitances, and mutual inductances connected or coupled together in some manner. 
The problem is to determine the steady-state response of the network to an impressed 
voltage, or current, of any complexity. It is presupposed that the driving voltage has 
been impressed on the network at a time far enough in the past to have permitted any 
transients to die out. 

To facilitate the solution of the problem the following assumptions are made: “ 

1. The impressed voltage is periodic. 

2. The network is linear. The values of the component elements are independent of 
the current through them. 

3. The network is passive. There are no sources of energy interior to the network, and 
no energy is dissipated other than by the resistance elements of the network. 


1. NON-SINUSOIDAL CURRENTS AND VOLTAGES 


As a consequence of the linearity of the networks the coefficients of the differential 

equations are real constants. The equations express the equilibrium conditions which 

exist between the instantaneous driving voltages 

R L SE and the countervoltages in the circuit. For ex- 

ample, in the circuit of Fig. 1, consisting of R, L, 

and C’ (= 1/D) in series, the differential equation is 

&q dq 

a La tRk7 + Da € (1) 

Fic. 1. Single-mesh Circuit where g is the charge on the condenser, and 

t = dq/dt. If q is the charge corresponding to an 

impressed voltage e;, and q is the charge corresponding to an impressed voltage és, it is 
evident that 


Pq dq ae 
Lop ote Fer, + Da = 4 
and 
aq2 dqz wt 
L vrs +R dt + Da €2 
By simple addition it follows that 
Cia + d 
[SOO eg ae (2) 


dt? dt 


Thus, for a linear network the principle of superposition holds. In other words, the 
current (or voltage) at any point flowing in response to several driving voltages acting 
together is the sum of the currents (or voltages) at that point which would flow in response 
to ane driving voltages acting separately. This principle is of major importance in network 
analysis. 

FOURIER’S THEOREM. A second important concept in the analysis of the steady 
state is Fourier’s theorem, which states that any single-valued continuous periodic func- 
tion can be expressed as an infinite series of sine waves. In particular, if f(x) is a function 
which is finite in the interval from —c to +c and has only a finite number of discontinuities 
in that interval, then for any value of z in the interval 


2 
f(z) = 5 tacos + a cos + wes 


+ brsin™ + tysin === + + (3) 
5-02 
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where the coefficients ao, ai, dz, +++ 51, be, «+ are determined as follows: 


1 c NTL 1 ¢ . nwa 
n= — f fe) cos —— dx; b= 2 ff) sin —— dx 
Or, equivalently, 
af (2 
fe) = 2+ Arsin (7 + 61) + Aasin (722 + fr) + +> - @) 
where 


An = Vae+b2 and 6, = tana (?) 


A proof of this theorem will be found in any standard book on calculus. 

This theorem, taken in conjunction with the principle of superposition, makes it pos- 
sible to obtain the response of a linear network to a periodic voltage of any complexity, 
provided that a solution is available for the case in which the driving voltage is a simple 
sinusoid. The complicated wave form of the impressed voltage is first resolved into its 


‘component sine waves, the solution of the equation is obtained for each component, and 


the solutions are added to obtain the final current or voltage required. 


2. SINGLE-MESH CIRCUIT 


Before proceeding to the general problem it will be profitable to examine in detail the 
response of the single-mesh circuit of Fig. 1. As already noted the differential equation is 
dq dq ; 

— + R— + Dg = Eve’! 5 

L a ae 7 + Da 0€ (5) 

where the complex exponential form has been written for the impressed voltage. The 
notation is the usual one, where w = 2zf, f = frequency in cycles per second, Epo is a 


constant, either real or complex, andj = V —1. 
Assuming a solution of the form g = qe?! leads to the result that | 


(Lp? + Rp + D)qoe?? = Hoel? (6) 
which is evidently a solution provided that p = jw. Then 
Eo 
OLS Fares a a 
Ip Rp +- D 
and 
Eoe?* e 
,= GO) pe SS 
Oe RT EN YS ay 7) 
where Ip = Eyp/Z,Z = R+Lp+ D/p, and p = jw. 
Upon substituting jw for p the result is the familiar one that 
i= Fest (8) 


where Z = R+ jx and xz = (Lw — D/w). 

The use of the complex exponential form for the impressed voltage converts the 
differential equation at once to an algebraic equation. The resultant current is a complex 
exponential form of the same frequency as the impressed voltage. The impressed voltage 
is made up of two components in quadrature, and the resultant current is also made up 
of two currents in quadrature. Since the coefficients of eq. (5) are real, it is evident that 
the response to a real voltage is also real, while the current in response to an imaginary 
voltage is imaginary. Consequently, by the principle of superposition, the physical 
current flowing in response to a voltage Ho cos wt is given by the real part of eq. (8). 
The imaginary part of the current, with the j discarded, is the physical current that 
flows in response to an impressed voltage Ho sin wt. Hence 


| Eo | 


 — 140! jwt+a—B) 
a Z| € 
E 
treal = cal cos (wt + a — 8) ' (9) 
and 
| Eo | 


tmag = i ee) 
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where Z =| Z| /8, Eo = | Zo| /a, and 6 = tan (#/R). The quantity | Eo| is the 
maximum value of e, and similarly | Jo| is the maximum value of 7. By proper choice 
of units | Zo | may be the rms voltage, and then | Io | is the rms current. Hence the ratio 
| Eo/Ip| becomes the absolute value of the steady-state a-c impedance. The complex 
quantity Z = e/t = Eo/Io is defined as the complex steady-state impedance and may 
be studied as a function of p = jw. 


3. THE COMPLEX FREQUENCY PLANE 


‘The definition of the parameter p = j27f can be usefully extended for analytic purposes 
to situations in which f and p are complex. Suppose a voltage Ee?! is assumed where 
Eo = | Bo| fa and p = 1 + jp. Then 

Eoe?t = | Eo | €Pitei (p2t+™) (10) 


In accordance with the above discussion the physical voltage is taken as the real part of 
this, which is a sinusoidal oscillation with positive or negative damping depending on 71. 
The corresponding steady-state physical current is obtained by dividing the complex 
voltage by the impedance and taking the real part of the result. This is a damped sinusoid 
of the same frequency and damping as the voltage. 

Complex frequencies can be represented on a plane as shown in Fig. 2. The horizontal 
axis represents real values of p, and the vertical axis imaginary values of p, or real values 
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Fic. 2. Complex Frequency Plane Fia. 3. Distribution of Zeros and Poles 
in Complex Plane 


of frequency. In network analysis a distinction of primary importance is made between 
the right and left halves of the p plane, since on the left half-plane the voltages and currents 
correspond to functions which decrease exponentially with time, whereas on the right half- 
plane they increase exponentially with time. There is a close connection between the 
steady-state characteristics of a network and its transient response. Since a network 
whose transients increase with time is unstable, the characteristics of physical networks 
in the right half-plane are necessarily limited. There is no such distinction between the 
upper and lower halves of the plane. 

As an illustration of this discussion consider the impedance of the single-mesh network 
of Fig. 1. Here the impedance 


ee R D : 
z-5(#+3p+2) (11) 


L 
= Shi Pa) (p — 2) 


f R R\? D R RIND) 

Pe oT V(sz) 7 en eo ) =i 
are the zeros of the impedance expression. They are seen to be real when (R/2L)? => D/L, 
while they are conjugate complex numbers when (R/2L)? < D/L. The locations of the 
zeros p; and p2 are indicated on Fig. 3 as R/L is varied and D/L is held fixed. It should 


be noted that the values of m1 and p, always have negative real parts; they are always in 
the left half-plane. The impedance becomes infinite, that is, it has a pole, when 7 is zero, 


where 
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as represented by the cross at the origin. A second pole occurs at infinity where the im- 
pedance again becomes infinite. 


4. MESH EQUATIONS 


The response of a complicated network of the type shown in Fig. 4 is determined by 
making use of the equilibrium conditions which must be satisfied by the instantaneous 
currents and voltages. There are several methods of writing the equations; one uses 
branch equations, a second mesh equations, and a third nodal equations. In writing 
branch equations the current in each branch, Zo, Zj2, etc., is separately specified, and the 
sum of the instantaneous voltages in 
each branch is equated to the volt- Z 10 Z30 
age applied to the ends of the branch. 
There are B such equations, where B is 
the number of branches. At each node, 


or junction point between branches, 7 n10 
the sum of the currents entering the 

node must be equal to the sum of the 

currents leaving the node. Therefore, 

J relations of this kind can be found, 

where J is the number of junction Zno 


points. If there are S separate parts 
(not conductively connected to one 
another, as mesh 7 in Fig. 4) only 
J — S of these equations are useful, 
since, if the law of the conservation 
of charge is satisfied at all but one node 
in each of the S parts, it is automat- 
ically satisfied at the last one also. 
There are then B + J — S independ- Z70 

ent equations. Fig. 4. Multi-mesh Network 

The original branch equations in- 
clude, in addition to the B branch currents, only differences in the node voltages. S of 
these can be arbitrarily assumed, and there will remain exactly B + J — S unknowns 
to be determined. 

By adding together the branch voltage equations around a complete loop, or mesh, and 
eliminating the superfluous branch currents by means of the nodal current equations, an 
equation is found for each mesh. A similar equation can be found for each of the NV 
meshes of the network, where V = B—J+S. 

A considerable simplification can be achieved by originally specifying only one current 
for each mesh of the network as shown in Fig. 4. By choosing circulating currents the 
nodal equations are automatically eliminated, as are the voltage differences which appear 
in the branch equations. The minimum number of mesh currents that can be used is, 
of course, B — J + S. For example, in Fig. 4 there are 15 branches, 10 junctions, and 2 
parts, hence 7 meshes. It is important to note that a closed loop, consisting of a single 
branch with its two terminals coinciding, is considered to have one junction. 

By adopting a set of conventions, regularity of notation is introduced into the equations. 
Those generally used are that all currents are assumed clockwise; branches common to 
two meshes a and b will carry as subscript the symbols of both meshes, as Za»; branches 
appearing in one mesh only will be designated Zao; and the sum of all the branches in a 
particular mesh will be designated as Zaa. In computing Zaa, the self-impedance of a 
mesh, all the self-inductance in the mesh is included but mutual inductances to other 


meshes are not. : : 
Then for any linear network of N meshes a set of N equations is found as follows: 


Zuli + Zle + Zisls + +++ Zinln = Fi 
Zal2 + Zoele + Zo3ls + +++ Zonln = Ee (12) 


Zid + Zrole + Znals + +++ Zanln = En 
where each of the Z’s is of the form ; 
Zab = pLab + Rar + D Dab 


and p and 1/p represent differentiation and integration with respect to time. 
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The mesh equations developed thus far have represented the differential equations of 
the circuit. The set of differential equations is transformed to an identical set of algebraic 
equations by the assumption made in article 2, that each of the sinusoidal voltages and 
currents can be written as He? or Jet, where H and J are constants, w = 27/f, f = fre- 


quency in cycles per second, and j = /—1. This transformation results from the fact 
that differentiation and integration of ¢#* replaces each p in eq. (12) by jw. The time 
factors ¢@¢ appear on both sides of the equation and can be divided out. The Z’s are 
then the complex self- and mutual impedances of the meshes. And the J’s and H’s are 
regarded as representing merely the constant coefficients in the more general expressions 
Tet and Het, 

DRIVING POINT AND TRANSFER IMPEDANCES. The determination of any 
particular current flowing in response to a particular voltage is equivalent to the solution 
of a set of ordinary linear equations. The current in the first mesh flowing in response to 
the voltage F,<!, also in that mesh, is given by the method of determinants (see Handbook 
of Engineering Fundamentals, Eshbach, John Wiley) as 


Tit — ae Eyeit (13) 


where A is the determinant of the coefficients in the left-hand side of eq. (12) and Ay 
is the determinant obtained by omitting the first row and first column of A. The driving 
point impedance in the first mesh is by definition the ratio of the voltage to the current 
in eq. (13). Thus 

Ey A 

ln = — 14 

qh Aun G4) 
In similar fashion the current in the second mesh flowing in response to the voltage E; 
in the first mesh is given by 


ieee 
Inlet = — = Ey<ist (15) 


where Aw is the minor of A obtained by removing the first row and second column. The 
transfer impedance from the first to the second mesh is defined as 


Z so Tr 
mi ig ie (16) 
It should be noted also, since in a passive network Zap = Zoa, that 
E2 A A 
Z (0 fe ee 
i qi An Ai Gn 


5. NODAL EQUATIONS 


An analogous system of equations can be set up in terms of driving currents at the 

nodes and nodal voltages. In this analysis the 

- fundamental equations are conditions of current 

2 a equilibrium. In the circuit of Fig. 5, 11, Iz, I3, and 

? I, are the driving currents, and Yys, Yi2, Ys, ete., 

are the admittances (reciprocal impedances) of the 

various branches. Node 4 has been assumed at 
ground potential. At node 1, then, 


Yuk + Yio, — B2) + Yi3(Bi.— B3) = i 
or (18) 
Yuki — Yk, — Yi3E3 = 1; 


where Yy1 = Yu4 + Yi2 + Yi3 is evidently the sum 
of the admittances of all the branches connected 
Fig. 5. Illustration for Method of Nodal to 1 with all the other nodes connected together. 
Analysis Yu is therefore a self-admittance analogous to the 
self-impedance in the mesh analysis. Similarly 

Yy2 and Yj3 are mutual admitiances analogous to mutual impedances.* 


Yoa 


* For a treatment of nodal analysis for circuits involving mutual inductance the reader is ref. 
to Gardner and’ Barnes, Transients in Linear Systems, Vol. I. ‘ efered 
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i In any conductively united network having J nodes a set of J — 1 independent equa- 
tions of the above form can be written. The complete set becomes 


Yu; — Yk, — ++: — YinEn = Th 
— Yok, + YoH, — +++ — YonHn = Ie (19) 


— Yui; — Ynol, — +++ + Ynnln = In 


where the Y’s are of the form 
1 1 
Yo = Cap + Ga + —-- 
Tae Pp 
and p~ and 1/p have the meanings previously ascribed to them. 
A solution of the set of nodal equations to find the steady-state voltage corresponding 
to a given set of sinusoidal driving currents can be obtained by the processes already used. 
The driving point admittance Y between the first node and ground is defined as 


y=2=— (20) 


where the primes indicate that the A’s refer to the set of equations (19). 
Similarly the transfer admittance between the first and second nodes is defined as 


I, A’ 
WA = —S— = 
ane Ay’ so 
In this case, also, since Yas = Yoa, 
Te A’ A’ 
Yr === - = —- — 
rb Ey Ao’ Aw’ en 


One consequence of the analogy between the mesh and nodal equations is that the 
selection of one of the two methods of solution in any particular problem is entirely a 
matter of convenience. The symmetry of the two methods is further emphasized by the 
equivalence of Fig. 6, in which a constant-voltage generator in series with an impedance Z 
is shown as replaceable by a constant-current genera- 


tor in parallel with an impedance Z. s —> 

A second consequence of the analogy leads to the 1 1 
principle of duality in network theory. The symmetry 
in the current and voltage methods of analysis in- Z 
cludes the individual terms in the equations. The z 
general term Zap of eq. (12) is replaced by Yap of eq. B 
(19) if ik: 

7? Z 1! 


1 1 
Lab = Cas, Rob = Gas and Dar = (=) oe ee 
ab ab Fia. 6. Replacement of Constant-volt- 


: : age Generator by an Equivalent Con- 
Consequently a set of nodal equations can be obtained stant sour! Generaton 


identical with a given set of mesh equations by inter- 

changing r and g, and LZ and C, wherever they appear. For every impedance function, 
therefore, there is a corresponding admittance function. If the mesh equations for one 
network correspond, term by term, with the nodal equations for another, the two networks 
are called inverse structures, or duals. 


6. TWO-TERMINAL IMPEDANCES 


The driving point impedance, or admittance, of a network can be expressed as the ratio 
of determinants whose elements are relatively simple functions of p = jw. In the mesh 
system the general impedance coefficient can be written as Zap = Lapp + Rap + Day 1/p. 
Since the terms A, An, and As. used in defining driving point impedances can be ex- 
pressed as products of terms of this type, it follows that they are polynomials in p divided 
by some power of p. That is, 


Aifi0 Ge Vy SUDO Gp 000 Sp vehi) 


T= 23 
Bap” + Bnap’™ + +++ + Bip + Bo. 72) 

Put in terms of the zeros and poles the expression is 
ee Am(p — pi)(p — 2) -** (P — Pm) (24) 


~ Br(p — pi’)(p -— pr’) +++ (p — Dr’) 
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where ordinarily the pa’s are all different. Note that the pa’s and pa’’s are the roots of the 
polynomials in the numerator and the denominator. In special cases two or more zeros 
or poles may coincide. The zeros and poles may be thought of as corresponding to the 
resonances and antiresonances of purely reactive networks except that they may occur at 
complex frequencies. 

RESTRICTIONS FOR PHYSICAL REALIZABILITY. A passive two-terminal or 
driving point impedance is subject to the following restrictions: 

1. In terms of the frequency variable p = jw the zeros and poles are either real or they 
occur in conjugate complex pairs. 

2. The real and imaginary components are respectively even and odd functions of 
frequency on the real frequency axis. 

3. None of the zeros and poles can be found in the right half of the p plane. 

4. Zeros and poles on the real frequency axis must be simple. 

5. The real component of the driving point impedance cannot be negative at real fre- 
quencies. 

General methods for finding physical networks corresponding to any impedance func- 
tion meeting these restrictions have been devised.* A method due to Brune depends on 
the fact that the minimum value of resistance, or conductance, at real frequencies is less 
than any value in the right half-plane. If the function is diminished by a real positive 
constant equal to the minimum value of the resistance, the remainder corresponds to a 
passive impedance having a zero resistance at a real frequency. This remainder is termed 
a minimum resistance, or minimum conductance expression. Similarly it can be shown 
that an impedance expression having zeros or poles on the real frequency axis can be 
diminished by the reactance, or susceptance, corresponding to its real frequency zeros and 
poles. An impedance having no poles at real frequencies is called a minimum reactance 
expression, while one having no zeros at real frequencies is called a minimum susceptance 
expression. If an impedance is both minimum resistance and minimum reactance, there 
is a unique relation between the resistance and reactance; if either is known at all fre- 
quencies the other can be determined. 

NETWORKS OF PURE REACTANCES. If it is specified that the zeros and poles of 
an impedance expression occur at real frequencies, or imaginary values of p, the form 
of the impedance expression becomes 


Wiki = iP Mia? Sie) 992 (= iO) 
(= Br) (po? — ps) = (D7 = Dn 1°) 
where k is a positive real constant, while p;”, po, etc., are negative real quantities. Each 


of the factors represents a pair of zeros, or poles, at positive and negative real frequencies. 
The zeros and poles are restricted in that 

— Dr? 2 — Pmt 2—-— +> 2— pi 2 —prZ0 (26) 
or the zeros and poles must alternate. 

As written the impedance is specified as an inductive reactance at both zero and infinite 
values of frequency. To obtain complete generality it must be allowable to specify 
p:’ = 0 (which introduces a pole at p = 0), or that the factor p? — p»2 can be omitted 
(which leads to a zero at infinite frequency). 

It has been demonstrated + that the impedance of eq. (25) corresponds to a physical 
network containing only inductances and capacitances. The network can be found either 

by representing the poles as antiresonant net- 


ae Noda Pan ais works in series or by representing the zeros as 
(a) resonant networks in parallel. For a detailed 
discussion of these impedances see Section 6, 

| | | Article 17. 


The reactive networks can also be realized 
| aie in other configurations of which Figs. 7a and 
7b are typical. These are obtained as the re- 
(b) sult of continued fraction expansions in which 
the zeros and poles at zero and infinite frequency 

are removed alternately. 
Fie. bvwliadder-type Reactive: Nesorke Because of the restrictions on the zeros and 
poles the impedance characteristics of reactive 
networks are necessarily restricted. The slope of the characteristic is always positive and 
necessarily greater than that of a simple inductance or capacity having the same reactance 

at a given frequency. 


Z= 


(25) 


* Brune, Journal of Mathematics and Physics, M.I.T., Vol. X, October 1931, pp. 191-235. Darling- 
ton, Journal of Mathematics and Physics, M.I.T., Vol. XVIII, No. 4, September 1939, pp. 257-353. 
t R. M. Foster, A Reactance Theorem, B.S.T.J., April 1924, pp. 259-267. 
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NETWORKS OF RESISTANCES AND INDUCTANCES OR RESISTANCES AND 
CAPACITANCES. Very similar to the purely reactive networks which result when the 
zeros or poles are specified at real frequencies, a simple series of networks results when it 
is specified that the zeros and poles occur at imaginary frequencies, or real values of p. 
Again only two kinds of elements, either resistances and inductances or resistances and 
capacitances, are required to realize such impedances. 

If the expression corresponds to a network of resistances and inductances, it is of the form 


_ kelp — w)(p — a4) +++ (= Gm) 
@ sa) — G3) ("a7 1) 


and | Z | increases as p increases. If, on the other hand, the expression corresponds to a 
network of resistances and capacitances | Z| decreases as p increases. An alternative 
form for Z is 


(27) 


ph k(p — ae)(p — a) +++ (D — am) 
@O > GMO = G3) 028 (= Ge), 


In both expressions the zeros and poles occur alternately and a, a2, etc., are negative real 
quantities or zero. 
As in the case of the reactive network the impedances may be represented in partial 
fraction form. For example, the impedance of eq. (28) can be expanded in the form 
D D Dy 
Z= beets I re eae seat ey (29) 


p—- a p — a Pp — Am-1 


(28) 


where Da = [(p — aa)Z]p=aa and R is the resistance at infinite frequency. Hach of the 
terms Da/(p — Ga) is identifiable with the parallel combination of resistance and capaci- 
tance, where rg = — Da/dqg and Cg = 1/Da. 

INVERSE OR RECIPROCAL IMPEDANCES. The duality between the impedance 
and admittance methods of analyzing a network suggests the possibility that to every 
network there corresponds an inverse. The requirement that the real part of an im- 
pedance be positive is merely another way of stating that the real part of the corresponding 
admittance be positive. Also, the restrictions on the zeros and poles are identical, so that 
the interchange of zeros and poles when an impedance is replaced by its reciprocal does 
not change the conditions for physical realizability. It follows, then, that, if a passive 
impedance is physically realizable, its reciprocal is also. 

The reciprocal impedance for the structure of Fig. 8a is found, for example, as follows: 

1. Each series connection is replaced by a parallel connection, and vice versa. 

2. The individual resistances, inductances, and capacitances are respectively replaced 
by resistances, capacitances, and inductances in such a way that 

VG 
Tigtay = 4 at ial Re? 
The structural inverse of Fig. 8a is therefore given by 8b. This process is evidently not 
general since it considers only series and parallel connections. An extension of the method 


(a) 


(0) 


Fie. 8. Inverse Two-terminal Networks Fig. 9. Inverse Bridge Networks 


depends on a consideration of the geometry of the network. The branches of the network 
are considered as lines between the junction points, dividing the plane of the diagram into 
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areas. The process consists of interchanging areas and points. A new point is taken 

interior to each area and is connected to each similar point by a branch inverse to the 

branch separating the areas. The inverse of a bridge network is found by this process 
to be another bridge, as shown in Fig. 9. Even this process is not entirely general.* 

COMPLEMENTARY IMPEDANCES. In addition to the inverse of a given impedance 

function one can also speak of its com- 

plement. The complement is defined by 


R R 
R the requirement that the sum of the 
= o—WW—_ original impedance and its complement 
is a real constant. The complement of 
Cac cl 
Uy 
2 


a passive impedance can be found if the 

L L prescribed impedance has no poles on 

UI ry R the real frequency axis, and if the sum 

of the impedance and its complement is 

chosen at least as great as the maximum 

value of the resistance of the original impedance. The constant resistance combination of 
Fig. 10 represents a simple example of the relationship. 


Fic. 10. Complementary Impedances in Series 


7. FOUR-TERMINAL NETWORKS 


The four-terminal network, or two-terminal pair, is a special form of general network 
of major importance. The external characteristics of the network are completely specified 
in terms of [1, £1, I2, and EH, of Fig. 11. A solution is ob- 


tained from eq. (12) with the assumption that all voltages ids et 
except H, and H2 are zero. Thus 1 2 
A A E E 
h= Hn - 2 h (30a) |! : 
1 or 
Aw Av ; 
Ie = —-—EH,+— Ff, (306) Fia. 11. General Four-terminal 
A A Network 


Or, solving explicitly for Z,; and EF, and noting that AAi22 = AAs — Ay? 


Ao» Aw 
Ey, = — I] I 
teint? y Aime” (ete) 
A A 
E, = —" 1 a Ik (31b) 


1 
Aji22 Arie 


The currents of eqs. (30) are determined by the voltages EH; and EH»: and the quantities 
Aus/A, Ax2/A, and — Ap/A. 

DRIVING POINT AND TRANSFER IMPEDANCES. The physical significance of 
the ratios is seen by successively setting H2 and E; equal to zero. Thus 


An : , : 
ae a Ys = admittance at terminals 1-1’ with 2—2’ shorted 
Ao» , , : 
oe Ys. = admittance at terminals 2—2’ with 1-1’ shorted 
Ap * . : 
ae Ya2 = Ys = transfer admittance from either end with the opposite end shorted 


Similarly, if Jz and I; of eqs. (31a) and (316) are successively set equal to zero, 
Ar 
Ane 
Au 
Ane 


Ay 2 
ee = Zor = Zon = transfer impedance from either end with the opposite end open 


= Zo = impedance at terminals 1-1’ with 2-2’ open 


= Zo = impedance at terminals 2—2’ with 1-1’ open 


Thus the network may be described by either of these sets of three parameters, or by 
other sets of three parameters properly related to them. 


* Foster, Geometrical Circuits of Electrical Networks, Trans. A.I.E.E., June 1932. 
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The driving point impedances and admittances are subject to the same restrictions 
as any other two-terminal networks, if they are to correspond to physical networks. The 
transfer functions, however, differ in several impor- 


tant respects and require further consideration. Ty Ip 
For the terminated network of Fig. 12 it can be er 
shown that Z 
A A i 
g=(z 2 \7, 12 ; 
( ete ==) aE eS To (82a) | SE 
2/ 
p_, 2B Au ; ; 
E’ = Kh+{(Z+ Te (32b) Fie. 12. Terminated Four-terminal 
Are Ani Network 


The response of the network evidently depends on the terminations Z; and Zo, as well as 
on the network parameters themselves. Thus the driving point impedances become 


A + Z2Lo A + ZAn 
Ay = ————_ ; Zo.-21 = ——————_ 33 
cas Au + Z2Ariv2 oe Av + Z1Ar122 9) 


And the transfer impedances Zr = E’/I, = E/I2 
1 
Zr = — ren [A + ZA + Zed + Z1Z2Ar129] (34) 


The form of the transfer impedance expression is seen to be the ratio of determinants 
(since eq. [84] can be written Zr = — A/Ay if A is understood to be the network determi- 
nant including the terminations Z,; and Z.). The general impedance coefficient is 
Zap = Layp + Rap + Dav(1/p) as before. In terms of the frequency variable p = jw, 
therefore, the transfer impedance is the ratio of polynomials in p and can be written in 
terms of its zeros and poles with a constant multiplier, just as in the case of driving point 
impedances. Thus 

Am(p — a1)(p - a2) (p = Gm) (35) 


ik) Rr Sennen Ca 


Since Zr represents a transmission it is usually stated as a logarithm. And also, since 
the most efficient possible transmission between two impedances Z; and Zp» is obtained if, 
first, the reactances of Z; and Z, are annulled, and then a transformer of optimum ratio is 
inserted between the two, this condition is used as a reference. Then the general transfer 
impedance is 

Zr = 2V Ri Ro? (36) 
where 
9. atipa (Pp — %)(p — a) «+: (p — am) (37) 
(pi— sb) Cp! — 162) res > —"Dp) 


and R; and R:2 are the real parts of Z; and Z. The a’s and b’s are the zeros and poles of Zr, 
or the points of infinite gain or loss in terms of 0. It is evident from eq. (37) that two 
transfer impedances having the same zeros and poles can differ only by a constant loss 
or gain. 

RESTRICTIONS FOR PHYSICAL REALIZABILITY. The restrictions which must 
be met if Zr is to correspond to a physical network are as follows: 

1. In terms of the frequency variable p both the zeros and the poles must be real or 
must occur in conjugate complex pairs. 

2. The real and imaginary components are respectively even and odd functions of fre- 
quency. 

3. The zeros must be located in the left half of the p plane; the poles may occur in any 
part of the plane. 

4. The real part of 9 = A + JB is positive at real frequencies; otherwise, the network 
serves as a source of power. 

On comparing these restrictions to those given for two-terminal impedances two im- 
portant differences are noted. First, the poles of the transfer impedance are not restricted 
to the left half-plane, and second, the real part of the transfer impedance may be negative. 
The previous restriction that the real part of a driving point impedance be positive is 
replaced by the new restriction that the real part of 8 must be positive. 
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A structure which may be used to represent the general passive transfer function is 
shown in Fig. 13. The arms of the symmetrical lattice are assumed to be inverse such 
that Z,Z, = R,?. For this structure the ratio 


Fh = Zp = RR! (38) 
where ; z 
i = = Z. a 
fe 7 ee (396) 
t— 2 2 i 1 


It can be shown that Z, represents a physical impedance as long as 6 satisfies the re- 
strictions listed above. In particular, Z, will 
be physical as long as the transfer loss A is 
greater than zero at real frequencies. Con- 
sequently, in any case in which the minimum 
value of A is finite, the loss may be reduced 
by a constant corresponding to this minimum 
value. The reduced expression having zero 
loss at a real frequency is called a minimum 
af : ; 2! loss or minimum attenuation boa os : 
: : It is also possible to modify the transfer 
Bec 18: Net ver rae be ene, heaorices ae phase B without affecting the loss by intro- 
ducing, or eliminating, terms corresponding 
to phase-shifting networks. Physical networks can be found (article 10) corresponding to 
the combinations of factors 


D+ a (p + a + jb)(p + a — jb) 
and 


| ie (Da 70) (pi at) 
Note that the poles in these expressions occur in the right half of the p plane, and that 
the zeros and poles are the negatives of one another. The absolute value of these expres- 
sions is evidently unity for all values of p, but the phase angle depends on p. 
If the function Zr contains a single pole on the positive real axis, 


Fe ee) (2+2) 


(40) 
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Dor’ (2+ *) (41) 
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The transfer impedance Zr is thus the product of a new transfer impedance Z7’ and a 
phase-shifting term, and can be shown to correspond to a new network of transfer im- 
pedance Z7’ in tandem with a simple phase network. A similar treatment is possible for 
a pair of complex poles in the right half-plane. The modified transfer impedance having 
no poles in the right half-plane is termed a minimum phase function. No further reduction 
can be made in the phase characteristic of such a function without at the same time 
affecting the loss characteristic. 

NETWORK THEOREMS. Several useful theorems can be stated for the general 
linear network as follows: 

The Compensation Theorem. If an impedance AZ is inserted in a branch of a network 
the resulting current increment produced at any point in the network is equal to the cur- 
rent that would be produced at that point by a compensating voltage —JAZ acting in 
series with the modified branch, where J is the current in the original branch. 

The Reciprocity Theorem. If an electromotive force E of zero internal impedance 
applied between two terminals of a network produces a current J in some branch of the 
network, then the same voltage E acting in series with the second branch will produce the 
current J through the first pair of terminals shorted together. This follows from eqs. (30) 
since the short-circuit transfer admittance is the same from either end of the network. 

Thévenin’s Theorem. With respect to any pair of terminals considered as output 
terminals the network can be replaced by a branch having an impedance Z,2, equal to 
the driving point impedance at these terminals, in series with an electromotive force E, 
equal to the open-circuit voltage across these terminals. An analogous theorem can be 
expressed in terms of the short-circuit current entering the output node of the network. 
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These results follow from eq. (306) and the definitions of the open-circuit impedances and 
short-circuit admittances. Thus, if ZH, = — I2Zo, 


eS EY s12 aot ein oa E\Zo12 
Ys2(Zs2 + Zo) = Z(Zs2 + Ze) 


The open-circuit voltage at terminals 2 — 2’ is — I2Z_. when Z,—> ©, whence 


I; 


Ex 
Lh = 
® Tae “2 
The short-circuit current at terminals 2 — 2’ is — EF, Ys12, whence 
Tos 
——————— 43 
8 YS ys ey 
EQUIVALENT QUADRIPOLES. A useful concept in network analysis is that of 
“‘equivalence.”’ Two four-terminal networks, or quadripoles, are considered to be equiva- 


lent when the fundamental relations describing the behavior of the networks with respect 
to their input and output terminals are identical. Such equivalences can be expressed 
in terms of the network determinant and its minors, the open-circuit impedances, the 
short-circuit admittances, or any other set of three convenient and properly related 
parameters. 

IMAGE PARAMETERS. An important and useful set of parameters is based on 
the idea that the terminations of the network be so related to the network itself that 
the impedances looking in both directions from the input terminals, or in both directions 
from the output terminals, are the same. Referring to Fig. 12 and eq. (33) this means 
that Zia’ = Z, and Z,-»' = Z,. The impedances Z, = Z;, and Z, = Z;, are called 
image impedances and are functions of the network itself, since 


AAo AAn 
Lin V andy eZ15.— V 44 
= Aie2An a A ) 


1122A22 


The third parameter necessary to characterize the network is called the image transfer 
constant and is defined as 

I?Z1, 
TPZ 1, 


1 
6. 3 log (45) 


That is, 0 is one-half the logarithm of the ratio of the volt-amperes entering the network 
to the volt-amperes leaving the network when it is terminated in its image impedances. 
In terms of the network determinant 


1 1 + V AAn22/ An As: 
6 = —log ——————— 
2 1 — VAAn»2/AnAg 


(46) 


The value of these parameters lies in the fact that they offer approximations to the actual 
network behavior and serve to relate the behavior of a network to that of a transmission 
line. 

T AND tw NETWORKS. The interrelation of several sets of network parameters is 
shown for two fundamental types of four-terminal networks in Fig. 14. The branches of 
the T and 7 networks equivalent to the general network are given in terms of the network 
determinant and its minors, the open- and short-circuit impedances, and the image 
parameters. These branch impedances and admittances themselves constitute complete 
sets of network parameters, even though they may not be physically realizable as two- 
terminal networks at all frequencies. 

The T and 7 networks are important since they can be used to represent any quadripole 
for purposes of analysis and computation. They may evidently be used to represent any 
three-terminal network, or segment of a network, without loss of generality. The L-type 
network is considered to be a degenerate case of the T or 7 networks, and it is significant 
in that only two independent parameters are required to specify its behavior. 

LATTICE OR BRIDGE NETWORKS. A network of major importance is the sym- 
metrical balanced lattice shown in Fig. 15. It can be shown that this network is the 
most general of all symmetrical networks, and that any passive symmetrical four-terminal 
network, or quadripole, can be represented by a physically realizable lattice. Further, 
since the image impedance depends only on the product and the image transfer constant 
only on the ratio of the branch impedances, it is possible to control the transmission and 
impedance characteristics independently. See Section 6, article 23. 
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Fig. 14. T and « Networks Equivalent to a General Dissymmetrical Network 
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Fie. 15, Lattice Network Equivalent to Any Sea Network and to T and Bridged-T Net- 
wor 
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The lattice equivalent to the symmetrical T and bridged T structures of Fig. 15 is seen 
to be physical as long as the branch impedances of these structures are physical. The con- 
verse is not necessarily true, since each of these networks requires that the arms of the 
lattice contain a common impedance. 


8. POWER TRANSFER 


Transmission through a network is usually expressed as a logarithm with respect to a 
suitable reference condition. 

Transition Loss. The condition for maximum power transfer from a generator to a 
load is indicated in Fig. 16. The series reactances — X; and — X» are inserted to annul 
the corresponding reactances of the generator and load impedances, and the ideal trans- 
former of optimum ratio matches the resistance of the generator to that of the load. 
This structure is termed an ideal transducer, and the loss in power which is eliminated when 
it is inserted between a generator and a load is 
ealled the transition loss or the transducer loss. In 
decibels the 


P: 
Transition loss = 10 logio = 


= 20 logio| Z1 + Z| — 10 login 4RiR:, (47) 


where Px = H*/4R, is the reference power in the 
load (= available power) and P: = E?R»/| Z, + Z. |? BraelGomildeal Trancducer 
is the actual power in the load. 

Insertion Loss and Phase. When a network is inserted between a sending impedance Z; 
and a receiving impedance Z: a change occurs in the current (or voltage) in the load. 
The ratio of the original load current I9 to the new load current J2 is defined as the insertion 
loss factor or the insertion factor. In terms of the image parameters this becomes 


RyRe 


I29 ke? 
= = —— 48 
Tetras euls Geos ) 
where “ 
2V 4,27 : : 
ky = ——— = the sending end reflection factor 
eS hy + Zi, 2 
kp = LE, = the receiving end reflection factor 
Z, + Zi, 
k= wv Aids = the reflection factor between Z; and Ze 
Z + Zo 
@ = the image transfer constant 
S= i = the interaction factor 


[D- GaGaz) | 
Zit Z1,/ \22 11, 

The reflection factors represent modifications in the load current caused by reflections 
at the input and output junctions. The factor k, sometimes called the symmetry factor, 
represents a reflection factor that was eliminated when the network was inserted. Each 
of these factors involved only the ratio of two impedances, and each becomes unity when 


the impedances are equal. 
The interaction factor, S, is a second-order effect which takes account of a wave reflected 


from the load back to the generator and then back to the load. It reduces to unity when 
either termination matches the image impedance adjacent to it, or when the attenuation 


of the network is high. 
The insertion factor becomes equal to e’ when one of the terminating impedances and the 


image impedances are equal to one another. 


The insertion loss (in decibels) 


20 logio 


k i 


1 
20| - logio YJ lk A + logio—— lk a + login —] is ai + logio ls] + logio | | (49) 
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The first three terms, involving the reciprocals of the reflection factors, are called reflection 
losses. The fourth term is called the interaction loss, and the last term represents the real 
part of the image transfer constant in decibels. 

The insertion phase shift is the phase angle of the current ratio given by eq. (48). 


9. DISTORTION 


When a voltage of complicated wave form is introduced into an electric circuit, a current 
will flow whose wave form will depend on that of the voltage and on the transmission 
characteristics of the circuit itself. It is frequently desired that the wave form of the cur- 
rent through a particular circuit element shall be the same as the wave form of the original 
voltage. If the complicated impressed voltage is regarded as a series of sine waves of 
various frequencies the conditions under which the output current will be a faithful 
reproduction of the input voltage may be stated as follows: 

1. The response of the circuit must be the same for all frequency components present 
in the impressed voltage. 

2. The relative phase relations of the various frequency components must not be 
altered. 

3. The circuit must be linear. 

FREQUENCY DISTORTION. When the first condition is not satisfied and the rela- 
tive amplitudes of the various frequency components are altered, it is said that frequency 
distortion occurs. This type of distortion occurs when the voltage-current characteristic, 
that is the transfer impedance characteristic, is a function of frequency. Where the whole 
transmission apparatus (including any mechanical and acoustic portions) is considered, 
there are two methods by which the effect may be minimized. Each component part of 
the system may be so designed as to have its response independent of frequency, or some 
elements of the system may be designed to correct for the distortion introduced elsewhere. 
Both methods of design have been widely and successfully used, the choice for a particular 
case being decided usually by economic considerations. 

DELAY DISTORTION. The requirement that the relative phases of the various 
components be unaltered is equivalent to the requirement that the time of transmission 
of the system be independent of frequency. To see this, consider a voltage consisting of 
a group of sine waves applied to the system. In complex notation 


ke 
a »~ Ej okt +00) (50) 
ky 
The received current will be 
ke 
E 
i=> | Zul eI (oxt + OK- BR) (51) 
ky k 
where Zz = | Zx| /@x is the transfer impedance of the circuit at each frequency w,/2r. 


It is evident that frequency distortion will be present if | Z;, | is a function of frequency 
within the band of frequencies considered. If it be assumed that | Z,| = R and that 
Bx = wt: + nz, where RF and t; are constants and n = 0, 1, 2, --- , then 


ke 


Alene e 7" ST Byelloet—t1) +6x (52) 
ky 


The effect of the transfer impedance is to delay each component by an amount & but to 
leave the relative phases unaltered. The change in sign which occurs when n is odd is 
usually not important. 

If, on the other hand, By = wzti + o(w) +7, where o(w) is not a linear function of 
frequency, the wave form of the received current will be different from that of the impressed 
voltage even though the relative amplitudes of the current components are correct. (For 
a discussion of non-linear distortion see Non-linear Electric Circuits.) 


10. CORRECTIVE NETWORKS 


A corrective network, or equalizer, is a network inserted between a generator and a 
load such that the current in the load will vary with frequency in a predetermined manner. 
A loss, or attenuation, equalizer is one which is used to control the amplitude of the received 
current as a function of frequency without regard to phase relations. A phase equalizer 
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is one which ideally introduces no loss but does introduce phase shift as a function of 
frequency. 

In most cases it is sufficient to equalize only for changes in loss. If, however, both 
loss and phase equalization are required, it is usual first to equalize for loss, and then to 
correct the phase of the system plus the loss equalizers. The incidental loss characteristic 
introduced by the phase equalizer (because of power dissipated in the ideally reactive 
elements) is usually ignored. If necessary, this distortion is corrected by an additional 
loss equalizer designed as an integral part of the phase equalizer. 

LOSS-PHASE RELATION. It is generally true that no unique relation can exist 
between the loss and phase characteristics of a four-terminal network. However, as noted 
in article 7, there is a unique relation between a given loss characteristic and the minimum 
phase shift that can be associated with it. This relation is of value in the design of correc- 
tive networks and feedback amplifiers, where it is necessary to control both loss and phase 
over wide frequency ranges. 

For the minimum phase condition it is possible to derive a number of relations between 
loss and phase. One of the simplest is 


+2 T 
J, Bau = 5 (Ag = Ad) (53) 
—o 
where wu = log w/w, fo (= wo/2m) being an arbitrary reference frequency, 6 is the phase 
shift in radians, and Ap and A, are the losses in nepers at zero and infinite frequency 
respectively. This states that the area under the phase curve, when plotted on a 
logarithmic scale, depends only on the difference in the losses at zero and infinite frequency. 
A second and possibly more useful relation is given by 


oo 
Bo = 4 if ea log coth [eed du (54) 
wT J—o du 2 

where {8 represents the phase shift in radians at any arbitrary frequency fo (= wo/2m) and 
u = log w/w. This result states that the phase shift at any frequency is proportional to 
the derivative of the loss, on a 5 
logarithmic frequency scale, at 
all frequencies. It involves an a 
integration over the entire fre- 
quency spectrum. The function 
log coth | w|/2 is in the nature 
of a weighting function and is 
shown in Fig. 17. Its value is 
much larger near the point w = wo 
and tends to emphasize the effect 
of the loss characteristic in the 
immediate vicinity. 

As an illustration of the utility 
of eq. (54) let it be supposed that ; 
A = ku, which describes a loss HH 
curve of constant slope on a log- 3 
arithmic scale of 20k db per 7 1.0 10. 
decade (6k db per octave). The w/w 
associated phase shift is readily Fic. 17. Weighting Function in Loss-phase Formula 
found to be k7/2 radians. Asa 
second example consider the discontinuous loss characteristic of Fig. 18. Here the loss is 
assumed to be zero below a specified frequency fo (= /27), and has a constant slope of 
6k db per octave above /2m. The associated phase shift shown in Fig. 18 is symmetrical 
about the frequency fo, at which point 8 = k7/4, and approaches. the value k7/2 radians 
as frequency increases. At low frequencies the phase shift is substantially linear and is. 
given by B = 2kw/ (sa). 

Since the phase characteristic corresponding to the sum of two loss characteristics is. 
the sum of the two phase characteristics corresponding to the separate loss characteristics, 
it is possible to add a number of such simple characteristics together to simulate more 
complicated loss characteristics and to evaluate the corresponding phase shift. An ex- 
ample is furnished by Fig. 19, which shows a phase curve derived as the algebraic sum of 
three simple solutions of the type shown in Fig. 18. By proeeeding in similar fashion it is 
possible to derive the phase shift corresponding to almost any loss characteristic without 
actually performing the integration indicated in eq. (54). In this connection it should be 
observed that, if both the loss and the corresponding phase can be specified at all fre- 
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quencies, the problem of designing an equalizer having the inverse characteristics is imme- 
diately reduced to that of finding a two-terminal impedance for which both resistance and 
reactance are known. See article 7. 


22k. 


20k 


w/@ 


100. 


Fie. 19. Phase Curve Corresponding to Sum of Three Semi-infinite Attenuation Slopes 


LOSS EQUALIZERS. The networks commonly used as loss, or attenuation, equalizers 
are shown in Fig. 20, which also gives the expressions for the insertion loss factor. 

The networks shown are divided into classes based on their transmission and impedance 
properties. The simple series and shunt networks designated Ja and Ib are most useful 


CORRECTIVE NETWORKS 


for simple problems. 
nations, 

The L-type networks desig- 
nated as IIa and IIb have the 
same form for the insertion 
loss factor as Ia and Ib. They 
have the additional property, 
however, that the input imped- 
ance is equal to a constant, Ro, 
when they are terminated in Ro 
on the output. Consequently, 
several sections can be operated 
in tandem without interaction, 
and the insertion loss of each 
section is independent of the 
generator impedance. 

_Thesymmetrical T, 7, bridged 
T, and lattice networks shown 
as IIIa, IIIb, IIIc, and IIId have 
insertion loss factors identical to 
the preceding network. How- 


ever, they have constant-resist- © 


ance image impedances. As a 
consequence the insertion loss 
factor has the form shown if 
either the generator or load im- 
pedance has the value Ro. Net- 
work IIIc is the most generally 
used because it requires fewer 
elements than any of the others. 

The network shown as IV is 
a general constant-resistance 
lattice structure of which IIId 
is a special case. This is the 
most general form of constant- 
resistance network, since any 
transmission characteristic 
which can be realized can be 
obtained with a structure of 
this form. See article 7. It is 
possible, therefore, to base the 
design of all equalizers on this 
structure, even though the net- 
work may be built in one of the 
other forms when such a conver- 
sion leads to a physical network. 

The insertion loss factor, é, is 
somewhat more complicated for 
this network than for the others 
listed. 

In terms of the admittance of 
the Z, arm 


f Ass Ro¥1 SP 1 
RoYi — 1 


BP RoGi + 1 + jRoBi 
RoGi —i + JRoBi 


where Y; = G, + jBi. 

If G, is assumed to be con- 
stant with frequency, the net- 
work can be shown to behave 
as either a minimum phase or a 
non-minimum phase network as 


(55a) 
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Their transmission characteristics depend, of course, on both termi- 


Insertion Loss Factor 


Ro=R +R 


RiR2 


Oe arena 


2 
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Fie. 20, Equalizer Configurations and Insertion Loss Factors 
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the product RoGi is greater or less than unity. An explicit expression for YiRo in terms 


of @ is evidently im 5 
Ro¥1 = Z = coth 5 (55b) 


et 


A fairly general approach to equalizer design based on the constant-resistance lattice 
structure has been discussed by O. J. Zobel.* This method provides a systematic means 
of determining a network to satisfy a given loss requirement. 

Referring to eq. (55a) it is a relatively simple matter to evaluate é corresponding toa 
given admittance Yi. A more difficult problem is to determine Y: for a given set of 
values for a, since in a typical problem the corresponding value of 6 is usually unknown. 

The design procedure is briefly as follows. The insertion power ratio is written as 2 
function of frequency thus 

on We oer met Fs 
bo + bia? + bowt + +++ 


where the a’s and b’s are real constants. A set of linear equations in the a’s and b’s is 
determined by assigning values to &* at specific frequencies. As many frequencies are 
selected as the number of coefficients to be determined. The solution of this set of equa- 
tions gives the values of the a’s and b’s required, and the function e’* is determined. The 
roots of the numerator and denominator of @* are then found in terms of p? = — a”. 

Since the function must lead to a physical network in order that it be useful the condi- 
tions must be satisfied that 

1. &~ be greater than 1.0 for all values of w. 

2. The roots of the numerator may not occur at real frequencies—otherwise @* would 
have a point of infinite gain. 

3. The roots may be real or conjugate complex pairs. 

4. The roots of the denominator may be anywhere in the p* plane, but those that fall 
on the negative real axis must be of even multiplicity—otherwise @* will jump from 
+ to — © in this region, and so violate restriction 1. 

If these conditions are satisfied the design proceeds. If not, a change is required; 
either the assumed form for e% or the matching points must be altered. 

To specify the network the function ¢€’ is formed. The roots of 2% are known in terms 
of p’, and the corresponding roots in terms of p are readily available, since they occur 
in + and — pairs. 

The roots of the numerator used to form é& must be in the left-half of the p plane. The 
roots of the denominator are not necessarily so restricted. However, if this restriction is 
applied to them also, the solution for é’ will lead to a minimum phase network. 

Utilizing the resulting function ¢? the lattice arm impedance Z:, or admittance Yj, is 
determined from eq. (55b). The network which exhibits this impedance may be found 
in a variety of ways. A general method for solving this problem has been described by 
O. Brune.t 

As an example of the design process consider that the function to be matched is 


e* = 1 + wi? 


(56) 


In terms of p? = —.« this becomes 
e*=1-— 7 


The roots of &* are given by p? = 1.0 and p? = —0.5 + 70.866. In terms of p the roots 
having negative real parts are then p = —1 and p = —0.5 + 70.866, and 
§ = (p + 0.5 — 50.866) (p + 0.5 + 50.866) (p + 1) 


= p+ 2p? + 2p +1 
ps + 2p? + 2p + 2 
pt + 2p + 2p 


Expanding this as a continued fraction by removing alternately poles and zeros the result 
is obtained that 


whence 


RoYi = 


1 i 
oY = ——————— 
ae 5 Spe Ges) 


The corresponding impedance of the series arm of the lattice is shown in Fig. 21 for unit 
impedance and unit frequency. 
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For many problems the analytic method of design which has been discussed is cumber- 
some and unsuitable. For example, if it be required to equalize a measured characteristic 
with only a fair degree of accuracy, the effort required to obtain a precise solution is not 
justified. In such cases a knowledge of the behavior of the simpler forms of two-terminal 
impedances can be usefully applied. The ability to visualize the frequency characteristic 
of a configuration of coils, condensers, and resistances is an essential part of the designer’s 
equipment. 

Probably the most useful configuration for design purposes, since it is one of the simplest, 
is that shown as IIIc in Fig. 20, in which the impedance Z; 


consists of a reactance shunted by a resistance. For this % 
network ‘ 
() 
e =1+ 
RoY; 
mail 1 1 1 


1 
= 1 SS nESEEEEEETEEEEEEe 
1 RG 9B) 


where Gj is a constant. Maximum loss occurs when B,; = 0, Fie 21 Lathive arm Ui 
while minimum loss (a = 0) occurs when B,—> ©. The ~*~ ~" Gack ca ae 
design problem is reduced, once a selection has been made of 

the maximum loss required, to finding a suitable reactance, or susceptance, to match the 
loss curve over the required interval. From eq. (57) it is evident that 


1 + 2RoGi 


(57) 


20 Senor Sets) 
- aa Re(G? + B,’) oe 
whence 
1 2R e 
RoBi = & We — (att)? (59) 


For known values of &* corresponding values of B; can be found. A relatively slight 
effort is required to determine the required susceptance. The conditions for physical 
realizability are here merely that the zeros and poles occur at real frequencies, that they 
alternate, and that the reactance function behave as a simple coil or condenser at zero or 
infinite frequency. 

In applying this process to build up complicated loss frequency characteristics as the 
sum of several equalizer sections the skill of the designer is evidenced by his ability to 
select easily realizable characteristics for the component sections. 

PHASE EQUALIZERS. The constant-resistance lattice network IV of Fig. 20 be- 
becomes an ‘‘all-pass’’ network when the impedances Zi and Z:2 are specified as pure 
reactances. Then 


ie cat jG Oe ad 
Ro — 7X1 
B Xi 
2 = _—_- = —- 
e@= 1.0 and tan 5 +p 
There are two basic networks of this type, which are shown in Fig. 22. For the first of 
h ah I 
these (Type I) 9_Rot+Llp_ _pt+k/L (60) 
ote p — Ro/L 


The zero of this expression is real and negative, and the pole is real and positive. In the 
p plane they occur symmetrically on either side of the origin. The phase curve correspond- 
ing to this network is shown in Fig. 22; the critical frequency wo = Ro/L. 

In the more complicated network shown as Type II in Fig. 22 


Lp 
He an ies (p — p1)(p — Ps) 
fs 261 SATAN A (61) 
p Lp (p — p2)(p — pa) 
Ne eee 
h 
aaa _ #0 ae [-14+ »— | 
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When 4R;2C/L < 1.0 the zeros and poles are real. The zeros occur in the left half of the 
p plane, and the poles are in the right half-plane. The network is, therefore, equivalent 
to two of the simple types in tandem. 

When 4R:2C/L > 1.0 the zeros and poles are complex. Again the zeros are in the left 
half-plane and are conjugate complex numbers. The poles are again in the right half- 
plane and are symmetrically disposed about the origin. As would be expected a wide 
variety of phase characteristics can be obtained. Some typical curves are shown in Fig. 22 
plotted against w/w. Note that, when 4Ro’C/L = 1.0, the phase shift is exactly twice 
that of Type I. 

Increasing the complexity of the reactances in the lattice arms merely introduces addi-_ 
tional zeros and poles in the expression for é&. If the network is to continue to be an all- 
pass network, the zeros and poles must occur in pairs having characteristics similar to 


Phase in degrees 


Fia. 22. Typical Phase Characteristics of All-pass Networks 


those noted above. Consequently, it is possible to break down a more extensive set of 
zeros and poles into groups, each group corresponding to a physical network of either 
Type I or Type II. A number of these simpler networks in tandem will provide charac- 
teristics exactly similar to those of the more complicated lattice. 
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RECURRENT NETWORKS 


By P. H. Richardson 


Early work on transmission networks was from the viewpoint of wave propagation in 
uniform media. Later work introduced the methods of particle dynamics, and networks 
were treated as vibrating systems. In treating the problem of recurrent networks, that 
is, the problem of a number of similar networks in tandem, the terminology of the earlier 
method is most useful. As might be expected, the problem is readily handled in terms of 
equivalent line parameters such as the image parameters previously defined.* 


* Solutions of the general problem in terms of both image and iterative parameters are given by 
E. A. Guillemin, Communication Networks, Vol. II, pp. 163-175. In the case of symmetrical networks 
the two sets of parameters are identical. 
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11. SYMMETRICAL NETWORKS 


CURRENT AND VOLTAGE RELATIONS. Consider the tandem combination of two 
symmetrical networks shown in Fig. 1. The image impedance is assumed to be the same 
for both structures, while the transfer constants 6; and @ are different. To find the voltage 


Fic. 1. Tandem Combination of Symmetrical Networks 


at the junction z-z’ replace the generator and network to the left of the junction by 
an equivalent Thévenin generator. Then the open circuit voltage at z—-a’ 


EZ 
Evce = aad Ga aw oe (1) 
(4 + tanh 5) sinh @ 
The voltages EH, and EF, are evidently given by 
Boece EH 
eam ENCA GY RG angie tase ond ICAP) © 
The impedances Z;’, Zz’, and Z,” are given by the relations 
1 + poe 2091+ 82) 
tt aij = poe 2001+ 82) (3a) 
1 + pre 2% 
Z,' = Z| ++ Oe (3b) 
1 + pre 2% 
Z,! = Zi] pa (3c) 
Z, — Zi Z. — Z1 ; x ; ; 
————— d = ——— aare the reflection coefficients at junctions 1-1’ 
where p1 Zt Dr and p= 747, fl ffi j 


and 2-2’ respectively. 
Substituting in eq. (2) it can be demonstrated that 


E, = E,(Aje~ 9 + Bye) (4) 
E, Ey “3 
Iz = Bor iag; (Aye "1 — Bye t*t) (5) 
where ; pve 2001 +02) 
A, and B, = ——77 5 (6) 


T+ pre 201+) 1 + pre 201 + 02) 


Note that A; and B; depend only on the sum of the two transfer constants and the reflec- 
tion coefficient at the output junction. 

INCIDENT AND REFLECTED WAVES. The term EB, Aye! is called the incident 
component of the voltage, and £B; €91 is called the reflected component of the voltage. Like- 
wise the terms (H;/Z1)Aie~% and —(Hi/Z 7 Bye"! are called the incident and reflected 
components respectively of the current at the junction 2-2’, Note that if Z. = Zz, 
that is, if the impedances are matched at the output, there is no reflected component since 
B, = 0. Also, if 0, + 62 has a large positive real part, B, becomes very small, and again 
the reflected component vanishes. The voltage ratio and the current ratio are both equal 
to «1, when the reflected ‘‘wave”’ is zero. 

IMPEDANCE RELATIONS. The pair of networks having like image impedances 
behave as regards the input and output meshes as though they together constituted one 
network of image impedance Z; and transfer constant 0; + 02. When the output im- 
pedance matches Z1, p2 = 0 and the impedances Z;’ and Z,” are both equal to Z;._ Note 
also, if the real part of 6, + 2 is large, the input impedance again is equal to Z7. 
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A relation which is frequently useful in design problems can be obtained from ea. (8). 
The reflection coefficient at the input terminals 


Zi — Zi 206 
= ——_—— = € ( 1+ 62) (7) 
g “+ Zr i 
Thus the reflection coefficient at the input terminals, py’, is simply related to he reflection 
coefficient at the output terminals. If 0; + & is a pure imaginary, then | p:’| = | pe |. 
Also, if a is the real part of 6; + 62, then | p:’| = | p2 |e~2%. 


12. UNIFORM LINES—NETWORKS WITH DISTRIBUTED CONSTANTS 


When the physical dimensions of a network are comparable to the wavelength of the 
electric current flowing in it, account must be taken of the fact that the series resistance 
and inductance of each wire, and the shunt capacitance and leakage between wires, are 
“distributed.” Such networks are usually termed transmission lines (see also Section 14 
in volume on Electric Power), but in the case of very high-frequency currents (5 meters 
or less) a network contained within an ordinary room may have to be similarly treated. 

The usual transmission line in communication circuits consists of two similar parallel 
wires, or a single wire enclosed in a conducting cylindrical sheath. At every point on the 
line, some current flows from one wire to the other, or to the sheath, owing to capacitance 
and leakage conductance resulting from the imperfect dielectric between them. In conse- 
quence of this, the current in each conductor varies along the line. This is illustrated in 
Fig. 2, which shows an elementary section of a balanced line, or of a completely unbalanced 


yzde 42 dx yzde , %Zdz 


A Cc A Cc 
Y dx x 
D F D F 
4zda EF 4z dx 


a ies Bae Beige 2 shaw 


where Z=7r+jlL@ and Y=9+JICW 


Fic. 2. Elementary Section of a Transmission Line 


line equivalent to the coaxial type of construction. The current entering at A is not the 
same as that leaving at C, owing to the capacitance and conductance shunted between 
Band EH. Hence the total drop due to the total resistance of the line is not this resistance 
multiplied by the current at any point on the line. Simple impedance equations cannot 
be written; simple differential equations can be given (for this solution see Section 14 in 
volume on Electric Power), and these offer one method of attack. 

An alternative method is based on the assumption that such a uniform transmission 
line may be considered to be composed of an infinite number of symmetrical networks, 
each of which corresponds to an infinitesimal length of line. If r is the resistance and L 
the inductance per unit length (for two wires, sometimes called a loop-mile when the 
unit of length is a mile), and g the conductance and C the capacitance between the wires, 
or from the central conductor to the sheath, per unit of length, then, in a section of length 
dz, there will be a resistance r dx, an inductance L dx, conductance g dz, and capacitance 
Cdx. As dx approaches zero the sections become smaller, and a line of these sections 
approaches a line with uniformly distributed constants. 

VOLTAGE AND CURRENT RELATIONS. Let Z = 7 + jLw = | Z| /0, be the series 


impedance per unit length, and let Y = g+jCw=|Y| [Oy 


Zn 24 be the shunt admittance per unit length of line. Then 
for the T network equivalent to an infinitesimal length 

. of line (see Fig. 3) for which 6 = dé 

c 

dd Z 

= Za= Zi RIG 3 (8a) 
Z,=2Z, tanh - Zo= sinh@ 

Fie. 3. T Network Equivalent to Ze = Be = —h. (8b) 


Smooth Line dé Y 


UNIFORM LINES §-25 


| Ze 4) Crate) 
Au Vi ~ Vie + 70a) a 
4 
ED PECE Lior 00/78) bo + 2) 
= Vaya /3 (tan : tan j (9b) 


This impedance is frequently called the characteristic impedance of the uniform line; the 
terms image impedance and iterative impedance which are also used are somewhat more 
clearly defined. They are, of course, identical to one another for the symmetrical line. 


From eqs. (8) it follows that dd = “ZY dz, whence 
@=VZYx=y2; y= VZY (10) 


where «x represents the distance to a point on the line from the sending end. The quantity 
7 is called the propagation constant of the line and is evaluated per unit length of line. For 


Thus 


a given length of line the total propagation constant is seen to be identical to the image 


transfer constant of the equivalent symmetrical network. vy is a complex number and can 
be expressed as y = a + j8, where a and B are real. Expanding eq. (10) and separating 
reals and imaginaries 


a= V ipl + L?w?) (g? + C?w) + (rg — LCw*)] (11a) 
B= Vol (2 + L¥a*) (22 + C?a®) — (rg — LCw)] (11d) 


The parameters a and @ are called the attenuation constant and phase shift constant, re- 
spectively, of the line. Note that they are both functions of frequency. 

The relations given by eqs. (9) and (10) indicate the similarity between the behavior of 
networks having lumped constants and the behavior of uniform lines. At some point a 
distance x from the sending end of a line of length / the voltage H, and current I, are 
given by eqs. (4), (5), and (6) of article 1, where #; = yx and 62 = y(l — x). Similarly 
the input impedance of the line is given by eq. (3a). 

INCIDENT AND REFLECTED WAVES. The instantaneous voltage at any point 
on the wire is 


ez = Real part [Ey\#"(Aje— V7 + ByeY”)] 
= | Z,| [| 41] «~%% cos (wt — Bx + 54) + | Bi| «%* cos (wt + Bu + 5z)] (12) 


an 

tz = Real part [7 Jot (Aye YF — Byer | 
I 

E, 


ZI 


[| 41 | —@% cos (wt — Bx + 64 — ¢) — | Bi| «% cos (wt + Bx + 6B — ¢$)] (13) 


where Ai = | Ai | /64, Bi = | Bi | /dz, Zr = | Zr| /¢ and EF, is real. 


Each of these expressions is composed of two components, the incident ‘‘wave’’ which 
decreases in magnitude as x increases, and the reflected “‘wave’’ which increases as x increases. 
These components are called ‘‘waves’”’ because they appear to travel along the wire with 
a velocity v = w/B. The distance between two consecutive points on the line at which 
cos (wt — Bx + 64) and its derivative have the same algebraic values for a fixed value of t 
is called a wavelength (Xd), so that BA = 27. The time elapsing during a complete cycle 
ot values is called the period (T), so that 7 = 1/f. In terms of these values the velocity 
of phase propagation of the waves is» = w/B = d/T. 

STANDING WAVES. The combination of the incident and reflected waves, adding 
sometimes in and sometimes out of phase, causes variation in the value of the voltage 
and current with position along the line. The expression for the amplitude of the voltage is 


|B, | =| B,| V| Ai Pe 20 + | Bi [Pe?2% + 2| Ay || Bi | cos (28x + dp — 54) (14) 
and for the current, 


|Iz| = /| Ay Pe 227 + | By [Pe?@%— 2| A; || Bi | cos (28x + 6p — 5a) (155 


By 
ZI 


each of which will have maximum and minimum values along the line whenever | By | # 0, 
since cos (28x + 6p — 6a) changes more rapidly than «22%, When attenuation is negligibly 


and | Ai| = | Bi | 
| Bz | = | Bi || A1| V2{1 + cos (26x + 62 — 5a)] (16) 
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From this it is evident that there are positions where | Z,| = 2| £, || A:| called voltage 
loops, and others where | Ez | = 0 called voltage nodes. Similarly there are current loops 
and nodes, the current nodes corresponding to voltage loops, and vice versa. 

It should be noted that the condition that | A4;| = | Bi | requires that p.«—/28! = +1.0. 
Thus true standing waves occur only when the line is a multiple of a quarter wavelength 
and when p2 = +1.0, that is, when Z, is either zero or infinite. 

INPUT IMPEDANCE. The input impedance of a uniform line terminated in an im- 
pedance Z, at a distance x from the sending end is given by 


ty ibe poe ~ 22% —_ — F284 

Zi = Z1 [; = poe 20% _ —J2Bx (17) 

where p2 = LIEN A! . If Z = Zz, then pp = 0 and Z; = Z;. The variation of Z; with 
Z2+ Zi 


frequency is a smooth wave which approaches the value V L/C as f increases. 

When Z, + Z; the Z; vs. f curve has maxima and minima which can be approximately 
located. If it be assumed that Z; and Z2 are pure resistances, which together with @ are 
independent of frequency, then the locus of Z; in the Z; plane is a circle of radius 


Qpr¢ ~ 20% 
As (im) Gee. 
with its center at 
feet pore — 40% 
[ 2: (Fem): ° ee 


If p: is positive (Z_ > Zz), Z; will have its maximum or minimum value when e~4267 is +1 
or —1l. This requires that 282 = 2n7, or (2n — 1)z, where n is any integer. Since 
B = w/v the frequency at which the maximum or minimum occurs is given by 

nw (2n — l)o 


fmax. = Be or fmin. = es 


If f = fi when n = mn, and f = fp when n = nm + 1, then 


v 


(fo — fi) 


But since fo — fi is the frequency interval between: two successive maxima, or two suc- 
cessive minima, the distance x to the point on the line at which there is an impedance 
discontinuity can be determined approximately. It should be noted that the expressions 
for the frequencies at which maxima and minima occur will be interchanged if ps is negative 
(Zz < Z1). 

DISTORTIONLESS LINES. In communication systems many frequency components 
are usually present, and it is desirable to have uniform attenuation with frequency. This 
condition exists on a line if r/L = g/C, in which case 


a= Vrg and yA Nee 
Cc g 


both of which are independent of frequency. Similarly, 8 = wV LC, which is the condition 
for linear phase shift and no delay distortion. In this case also 


@ 1 


Gane oc 


which states that all waves are propagated with the same velocity. 


TRANSIENTS IN NETWORKS 


By Harold A. Wheeler 


13. TRANSIENT DISTURBANCES 


PROPERTIES OF TRANSIENTS. A transient disturbance, in its simplest concept, 
is one that occurs in a time interval separated from other disturbances. In general, a 
transient may be superimposed on other transients or continuous waves, according to the 
superposition theorem, while otherwise retaining its own characteristics. A single tran- 
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sient cannot be a periodic wave in the strict sense, although it may be a damped oscillation 
of a definite period. A borderline case is the ‘‘periodic transient,’”’ which is a periodic non- 
Overlapping series of transients; each transient retains the properties of a transient while 
the series has the properties of a periodic wave. 

Any periodic wave can be analyzed into a ‘‘Fourier series’? which is a sum of sinusoidal 
components of frequencies in harmonic relation. The corresponding representation of a 
transient disturbance is possible by the “Fourier integral,’ which does not give a number 
of distinct components but rather the distribution of energy over the frequency spectrum. 
The Fourier series and the Fourier integral are analogous to the line spectrum and the 
band spectrum in light waves. 

In general, an exact representation by a Fourier series requires an infinite number of 
components extending over the entire frequency spectrum, but a practical approximation 
requires only a limited number of components within a limited bandwidth. The same 
is true with respect to the limited bandwidth required for the practical reproduction of a 
transient. It is essential to consider the degree of approximation required or attained in 
any particular case, and to realize that both the duration of the transient and the frequency 
bandwidth are theoretically unlimited although practically limited by the sensitivity of 
the system. 

Refer to Section 9, Pulse Techniques, for much information on transients as exemplified 
by pulses, with emphasis on their application in practical systems. 

TYPES OF TRANSIENTS. It is convenient to define transient Gotan of several 
idealized types. An actual transient may be classified by its similarity to one of these 
types, or as the response of 
a certain network to one of ! 
these types. H 

The unit step is one of 
the elementary transients, 
shown in Fig. 1(a) and (6b). 
It may be caused by switch- 
ing or keying a current or 
voltage of unit amplitude. 


Amplitude 
— 
+ 
ry 


fo} 


— Time 


The form of Fig. 1(a) is also 
called the “Heaviside unit (2) Qs, (c) So 
function,” with ajump from Fig. 1. Unit Step and Unit Impulse 


zero to one. The form (0) 

has a jump from —1/2 to +1/9; it is preferred for some analytical purposes because it has 
zero d-c component. Campbell and Foster (references 7 and 8) designate the unit step as 
S_3, called the singularity function of —1 order. 

The unit impulse, shown in Fig. 1(c), is unique among transients in that it has a uniform 
frequency spectrum. It is defined as the derivative or slope of the unit step; therefore it 
has unit area as the product of very large amplitude and very small duration. It is also 
called by Hansen the ‘‘delta function’ (reference 38). Campbell and Foster (references 
7 and 8) designate the unit impulse as So, called the singularity function of zero order. 

In practice, the step is easier to generate because of its limited amplitude, and the 
transient response thereto has limited amplitude. The impulse may be approximated 
with limited amplitude if its duration is reduced until its frequency spectrum is substan- 
tially uniform over a frequency bandwidth sufficient for any particular tests. Most net- 
works have some integrating action, so their response, even to an ideal impulse, would 
have limited amplitude. 

Some oscillatory transients are illustrated in Fig. 2. In general, there are reversals of 
polarity, which may or may not be periodic in time. The transient response of a practical 
network is usually oscilla- 
tory in some degree. Fig- 
ure 2(a) shows a damped 
oscillation which is a com- 
mon occurrence; Fig. 2(b) 
shows a pulse-modulated 
wave including several 
eycles of a carrier wave, 
while (c) shows a carrier 
wave with a step in its 
modulation envelope. A 
carrier wave cannot be conceived as modulated by the ideal impulse, because the duration 
is insufficient to retain the identity of the carrier frequency. 

Practical steps have finite slope, and practical pulses have finite duration and amplitude. 


(2) (6) 


Fig. 2. Oscillatory Transients 
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For test purposes, however, both can be made to approach the ideal as closely as required, 
so the transient response of a network to the ideal types can be tested. 

A pulse to be used for modulating a carrier wave is sometimes denoted a ‘‘d-c’’ pulse 
to distinguish it from the modulated carrier of pulse envelope. The essential difference 
is in the frequency spectrum, the former having most of its energy concentrated in a band 
including zero frequency, and the latter in a band including the relatively high carrier 
frequency. The direct and carrier pulses are distinct concepts if their respective frequency 
bands are separate. 

Amplitude modulation of a carrier wave generates symmetrical sidebands, and pulse 
modulation follows this rule. The carrier and both sidebands are needed for exact repro- 
duction of the modulation. A small modulation superimposed on a continuous carrier, 
as illustrated in Fig. 2(c), can be approximately reproduced in a system responsive to one 
sideband and one-half the relative carrier amplitude, as employed in television (references 
5, 11, 12, 16-19, 21, 24, 25, and Section 20). 

FREQUENCY SPECTRUM. Figure 3 shows the frequency spectrum of several kinds 
of disturbances. The pure sine wave has a single frequency component (a). A periodic 
wave in general, such as a repeating short pulse, has a series of frequency components of 
relative amplitude indicated 
by an envelope of the lines 
(b). A transient has a con- 
tinuous frequency spectrum 
(c). Ifthe transient has the 

0 fi Frequency Of; same shape as a single cycle 

(a) (b) (c) 0 the periodic wave, ‘pe, oe 
Fie. 3. The Frequency Prec ne Periodic Waves and Aperiodic He O HN ore 
as the envelope of lines (0). 

Periodic disturbances have a fundamental frequency, denoted f; in Fig. 3, and all 
components are harmonically related on integral multiples of this frequency. A transient 
lacks a fundamental frequency but, like the periodic wave, still requires frequency com- 
ponents over a certain band width for its reproduction with sufficient approximation. In 
Fig. 3(c), a nominal cutoff frequency f, may be defined in such a way as to include most 
of the energy of the frequency spectrum. For pulse operation, the nominal cutoff fre- 
quency on the frequency spectrum of amplitude may be defined as the boundary of a 
rectangle (drawn as shown in dotted lines) having the same area as the amplitude spectrum 
(reference 11). 

In the line spectrum of a periodic wave, each component has a definite amplitude which 
may be expressed in terms of current or voltage (or analogous linear quantities). In the 
band spectrum of a transient, however, the amplitude is expressed per unit of frequency 
bandwidth, in units such as the volt per cycle per second or volt-second. This concept 
is elusive, but the shape of the spectrum indicates clearly the relative importance of the 
various frequency components. 

As an alternative, the frequency spectrum may be presented in terms of relative energy 
instead of amplitude. It is then expressed in terms of energy per unit of frequency band- 
width, in units such as the joule per cycle per second or joule-second. The area under the 
curve is the total energy of the transient. 

The frequency spectrum of Fig. 3 shows the relative response of a receiver of very narrow 
and constant bandwidth as it is tuned over the frequency range. Spectrum analyzers are 
operated on this principle, some of which show the 


Amplitude 


spectrum directly on an oscilloscope (Section 9). A cS 

SPEED OF INFORMATION. In communica- EPR LOM SE Te a 
tion of any kind, the available frequency band- 
width is limited, and this may restrict the speed of | | | | | | 
transmission (references 2, 4-6, 9-11, and Section (a) Time 
9). This is one of the principal limitations in pic- 
ture transmission. —— —— —— 


As asimple example, Fig. 4 shows the code pulses 
for the word “‘as.’’ The pulse pattern (a) contains — [<2te 
dots and dashes in the form of short and long (0) 
pulses. It is necessary to distinguish the presence Py, 4, 
or absence of a pulse at intervals of one pulse width. 
Increasing the speed or decreasing the frequency bandwidth up to a certain limit has the 
effect of rounding the pulses (6) but not filling in the space between pulses. This much 
distortion is permissible and economical in practice. 

The rounded pulses in Fig. 4(b) have a frequency spectrum similar to that in Fig. (3c) 


Speed of Information by Pulses 
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ie dots have a width 2¢, related to the nominal cutoff frequency f; as follows (reference 
1 
hee 
oF oF (1) 
This means that the shortest pulse or space has a duration of 1/2 cycle at the nominal 
cutoff frequency. The speed of information is proportional to the number of pulses in a 
given interval which is proportional to the frequency bandwidth. 

A completely modulated carrier requires twice the bandwidth because double-sideband 
operation is essential. A partially modulated carrier, with single-sideband operation as in 
television, requires only slightly more bandwidth than the modulating pulses but also 
requires more power to surmount background noise and interference. 


14. BEHAVIOR OF NETWORKS 


DIFFERENTIATION AND INTEGRATION. A linear network operates only on the 
amplitude and phase of a sine wave, retaining the wave form. Though the same is true 
of each component of a transient, the operation on all components may greatly change 
its shape. The simplest distorting operations of networks are differentiation and inte- 
gration. 

The two basic differentiating networks are shown in Fig. 5. In each case, the input 
and output are denoted by subscripts 1 and 2. In (a) and (6), the series capacitor C and 
the shunt inductor LZ are so connected that each gives an output proportional to the 
time derivative of the input; 


: dE 
Fig. 5(a) Fm C=h; () —!L=h (2) 


The instantaneous voltage and current are here denoted E and I. 


(6) (2) (6) 


Fic. 5. Basic Differentiating Net- Fic. 6. Basic Integrating Net- 
works works 


If instead the amplitudes of the frequency components are denoted H# and J, the corre- 
sponding relations for any particular frequency may be written: 


Fig. 5(a) EijgwC = 12; (b) Tjwl = Ez (3) 


Here j is the quadrature factor /—1 and w = 2zf is the radian frequency. The two sets 
of equations are alike in form except that d/dt is replaced by jw; this explains why jw is 
sometimes called a differential operator. It includes the inseparable two essentials of 
differentiation, namely, an amplitude ratio directly proportional to frequency and a lead- 
ing phase shift of one quadrant. 

An example of differentiation is the conversion of a unit step to a unit impulse. The 
former has frequency components of amplitude inversely proportional to frequency, 
while differentiation changes it to the impulse having frequency components of uniform 
amplitude. 

The two basic integrating networks are shown in Fig. 6. In (a) and (6), the series 
inductor LZ and the shunt capacitor C are so connected that each gives an output propor- 
tional to the time integral of the input: 


Fig. 6(@) (fH at) ; =I; @® (fhe) : = B, (4) 


Changing the significance of voltage and current, H and I, from the instantaneous values 
above to the amplitudes of the frequency components: 
1 


i 1 — . wa a 
Fig. 6(a) = EFF = Ip; (>) th Foe?” E; (5) 


Since Sf dt is replaced by 1/jw, the latter is sometimes called an integral operator. It 
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includes the inseparable two essentials of integration, namely, an amplitude ratio inversely 
proportional to frequency and a lagging phase shift of one quadrant. An example of 
integration is the conversion of a unit impulse to a unit step. ; 
The basic networks of Figs. 5 and 6 rely on simple admittance or impedance coupling, 
so the input and output are voltage and current in one order or the other. Approximate 
differentiation and integration can be obtained by voltage-ratio or current-ratio coupling, 
the former being shown in Figs. 7 and 8. Each of these networks includes a resistor # in 


R 
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Fic. 7. Voltage-ratio Differenti- Fig. 8. Voltage-ratio Integrating 
ating Networks Networks 


addition to a reactor C or L. The required approximation to the ideal operation in 
each case places certain requirements on the time constant of the network, which is 
L/R or CR. 

Figure 9 shows the meaning of the time constant in a charging or discharging operation 
(a) or (b). In each case the transient has an exponential variation with time, and the time 
constant t; is the length of time required to approach completion of the operation. Quan- 
titatively, it is the time to go to (1 — 1/e) or 0.63 of completion (« = 2.72, the base of 
natural logarithms). 

Though the concept of charging and discharging is commonly associated with energy 
storage by the voltage on a capacitor, it is equally applicable to energy storage by the 
current in an inductor. 

A charging operation shown in Fig. 9(a) is exemplified by a voltage step applied to an 
integrating network of Fig. 8. The integrating operation continues only for a duration 
less than the time constant, so the time constant must be longer than the required 
period of approximate integration. This is a general rule for such integrating net- 
works. 

A discharging operation shown in Fig. 9(b) is exemplified by a voltage step applied to a 
differentiating network of Fig. 7. The differentiating operation is prolonged for a duration 
exceeding the time constant, so the time constant must be shorter than the permissible 


peas duration. This is a general rule for 


5 . such differentiating networks. 
Z N Meeting these conditions in Figs. 7 
SS . 
7 ; = zs : and 8 is promoted by a large value of 
1 he 0 1 Time series resistance or a small value of 
(a) (d) shunt resistance, so the voltage ratio 


Fic. 9. Time Constants of Charging and Discharging 18 small for the frequency components 
of major importance. 

Figure 10 is a chart of the charging and discharging operations obtained from the net- 
works of Figs. 7 and 8 in response to steps and impulses. 

OSCILLATIONS. If differentiation and integration are mixed in a network by com- 
bining CLR, the result is resonance. The transient response to a step or impulse may then 
be a damped oscillation. Figure 11 shows examples of voltage-ratio resonant networks 
and the response of each to certain input transients. A resonant network is one having 
maximum response at the frequency of resonance; an antiresonant network is one having 
minimum response at that frequency. Hither one exhibits damped oscillations after a 
transient disturbance. The time constant of damping in the series-resonant circuit is 
2L/R, while that in the parallel-resonant circuit (with parallel R) is 2CR. 

REPEATING NETWORKS. There are many kinds of networks which respond to a 
step or impulse with interesting and significant output transients. One of the simplest 
is the integrating network of Fig. 8(b) repeated in successive stages of a vacuum-tube 
amplifier (No. 524.2 in references 7 and 8, also reference 38). Figure 12 shows the response 
of n such networks to an impulse. The integrating action, denoted by the time constant 
t;, both delays and widens the pulse by virtue of the energy storage in each capacitor and 
its subsequent discharge (by repeater action) into the next capacitor. The delay of the 
pulse exceeds the widening, so this system is a crude delay network. The pulse peak is 


delayed by (n — 1). For large values of n it is widened to V2r ‘Vn — 1 4, and it 
approaches the symmetrical shape of a probability curve. 
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The response of a resonant circuit to an impulse, as exemplified in Fig. 11(c) for a single 
network, may be extended to repeating networks. The envelope of the resulting transient 
oscillation then assumes the form of Fig. 12. 


Fic. 12, The Delay and Widening of a Pulse by Repeating Integrating Networks 


BANDWIDTH. The integrating action of a shunt capacitor limits the speed of in- 
formation by restricting the frequency bandwidth. This is a major factor in a wide-band 
amplifier for such uses as television and radar, because each interstage coupling from one 
tube to the next has inherent shunt capacitance. Figure 13 shows a resistance-coupled 
amplifier stage subject to inherent shunt capacitance C across the coupling resistor R. 

The frequency variation of the response of such an amplifier is shown in Fig. 14, in 
which f; is the frequency at which the reactance of the capacitor (1/[27fC]) is equal to the 
shunt resistance (R). Figure 14(a) shows the amplitude variation for several conditions, 
starting with (1) simply R and C. The bandwidth is increased (2) by adding inductance L 
to build up the impedance by a tendency to resonance. A more complicated network, 
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pacitance Limiting the Bandwidth 


termed the ‘‘dead-end filter’’ (reference 15), can be used to extend the bandwidth as far 
as curve (3) but no further. The maximum bandwidth over which a uniform amplitude 
ratio can be obtained is theoretically 

1 


rCR 


In practice, about half this bandwidth is obtained in simple circuits with a sufficient 
approximation to uniformity. 

If many stages of wide-band amplification are needed, the phase distortion shown in 
Fig. 14(b) may be a. limiting factor more severe than amplitude distortion. The ideal 
phase variation is a linear proportionality to the frequency. Condition (1), with simply 
R and C, yields a convex phase curvature, but in this case the amplitude distortion is 
more severe. (See Fig. 12, which applies to this case.) Condition (2), with L added, 
yields a concave phase curvature which happens to be more detrimental than the residual 
amplitude distortion. There are cases (notably in radar pulse receivers) where a com- 
promise between (1) and (2) may be optimum (reference 38). The extreme condition (3) 
yields abrupt changes in amplitude and phase at cutoff, which cause transient damped 
oscillations. 


2h = (6) 
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AMPLITUDE AND PHASE DISTORTION. The transient response of linear networks 
is related uniquely with their steady-state characteristics, so a knowledge of the latter 
makes it possible to estimate the transient response. This is the province of the Fourier 
integral and other concepts such as ‘‘paired echoes” for evaluating distortion (references 
14 and 20). Examples of amplitude and phase distortion are shown in Fig. 14 for the 
simple case of Fig. 13 described above. 

Amplitude distortion may be simply the limitation of the bandwidth or may also include 
irregularities within the bandwidth. It is generally expressed in terms of attenuation, 
since this is a logarithmic quantity which can simply be added for cumulative stages 
(p. 1-37). 

Phase distortion is any departure from linear proportionality between the lagging phase 
angle and the frequency. It is expressed in angular measure, which is additive for cumu- 
lative stages. The absolute unit of angle is the radian, which is 1/27 circle or 57.3°. The 
radian is quantitatively comparable with the napier, so 6.6° is comparable with 1 db. 
The inherent properties of passive linear networks determine certain relations between 
attenuation and phase angle (references 36 and 41). For any pattern of variation of the 
attenuation over the entire frequency range, there is a corresponding pattern of minimum 
phase angle obtainable in networks. Those networks which provide selective attenuation 
with minimum phase angle are termed ‘‘minimum-phase”’ networks and others ‘‘excess- 
phase’”’ networks. Minimum-phase networks include self-impedance couplings, simple 
ladder networks, and any other network whose response can be expressed as a product of 
physically realizable self-impedance factors. Excess-phase networks include transmission 
lines, all-pass phase-correcting networks (lattice or bridged-tee), and networks with 
negative mutual inductance. 

Phase-correcting networks are theoretically possible free of attenuation, but not atten- 
uation-correcting networks free of phase distortion. Therefore it is customary, in the 
design of a practical network, first to obtain the required attenuation, and then if necessary 
to add phase-correcting networks for obtaining linear phase. Usually the phase correction 
need be effective only over the band width of nearly maximum response. Phase correction 
(free of attenuation) always increases the phase angle, never the reverse. 

Amplitude distortion, free of phase distortion, cannot destroy the symmetry of a sym- 
metrical input pulse. Therefore any asymmetrical distortion is a symptom of departure 
from phase linearity. 

A sharp cutoff at the edge of the useful bandwidth causes a damped oscillation or “‘over- 
shoot’’ in the transient response to an impulse or, in less degree, to a step. If this result 
is not permissible, a gradual cutoff is required, as shown in Fig. 3(c) (reference 11). 


15. GENERAL PRINCIPLES 


THE FOURIER INTEGRAL. In the study and design of networks to handle transient 
disturbances, the most powerful concept is the Fourier integral. It is an extension of the 
more familiar Fourier series, which is restricted to periodic waves but still serves as an 
introduction to the integral. Each is essentially a relationship between a disturbance 
over a period of time and its frequency components; or, conversely, a set of components 
can be synthesized into the form of disturbance. 

The following presentation of the Fourier series is in a form well adapted for extension 
to the integral and useful for direct application. 

A wave form (of voltage or current, for example) is denoted T(t) and is completed in 
the time interval between —t,/2 and +t/2. The same wave form is repeated in successive 
intervals of the same period t), as a periodic wave. This wave can be expressed as a sum 
of sine-wave components of harmonic frequencies and the proper phase: 

eo 
T(t) = >) Pnexp (j2mnfit) (7) 
n=—© 
The fundamental frequency is f; = 1/h. Each harmonic component has a frequency nfi 
which is an integral multiple of the fundamental frequency. Its amplitude is F,, which 
is generally complex to include the phase angle. Obviously the dimensional units of 7'() 
and F,, are the same. 

The sine-wave nature of each component is indicated by the unit vector rotating at a 
frequency nj: 

exp (j2mnfit) = cis (2rnfit) = cos (2rnfit) + 7 sin (2rnfit) (8) 
Since 7'(t) is real, it is apparent that the imaginary parts of each component in the summa- 
tion must cancel out. This cancellation occurs between the amplitudes F, of the com- 


§-34 ELECTRIC CIRCUITS, LINES, AND FIELDS 


ponents of equal positive and negative values of n. The zero-frequency (direct) com- 
ponent (n = 0) always has a real amplitude Fo. 
The (complex) amplitude of each component is formulated as 


F, = if 2 T(t) exp (—j2mnfyt) dt (9) 
/ 


—t;/2 
This integral selects and evaluates each harmonic of frequency nfi. A tabular or graphical 
or formal integration can be used to compute Fn, which in general will be complex. 

The extension of the series to the integral requires two more concepts. First, since a 
transient is presumed to occur only once, the period ¢, 1s made very large and the corre- 
sponding fundamental frequency f; very small. Secondly, the harmonic amplitude F, 
is changed to the frequency spectrum F(f) which represents the ‘‘amplitude-frequency 
density” or ‘‘amplitude per unit of frequency”’ in the vicinity of the frequency f (instead 
of nf;). The density does not have the same dimensional units as T(¢) but rather the 
same units multiplied by ‘‘time.’’ For example, if 7(é) is in volts, F(f) is in volts per cycle 
per second, or volt-seconds. 

With these steps, there follows the Fourier integral for expressing the wave form of a 
transient in terms of its frequency spectrum F'(/f): 


fo * 
TQ = f FU) exp G2aft) af (10) 
— 0 
The other form expresses the frequency spectrum in terms of the transient: 
F(f) = Ve ” T(t) exp (—J2mft) dt (11) 


Following Campbell and Foster (references 7 and 8), the above forms are symmetrical 
in that F(f) and F(t) are interchangeable merely by reversing the sign of 7. This is accom- 
plished by integrating from — ~ to + ©, and expressing in terms of the variables f (instead 
of w = 27f) and t, which are mutually reciprocal. These forms include j27 under the 
exponential function, which is logical since j27 is the natural logarithm of a unit vector 
rotated by one cycle, and exp (j27) symbolizes that vector. 

In electrical networks, the interchangeability of F(f) and T(t) has reality only if F is 
real, since 7 is real. This is true only in idealized networks, which may be instructive 
examples. In such cases, both F and 7’ are symmetrical in form. 

The direct significance of F(f) and T(t) is simple. It is based on the unique fact that 
an impulse has a uniform amplitude density over the spectrum. If a unit impulse is 
applied to a network which modifies its frequency spectrum to the form F(f), the output 
is a transient of the form T(t). 

If a transient T; of any shape is applied to any network, the output transient 7’ can 
be expressed and often evaluated simply by the following procedure: (1) compute F;, the 
spectrum of the input transient 71; (2) formulate F2, the frequency response of the net- 
work; (3) note that the frequency spectrum of the output transient is F = F1F2; (4) from 

the knowledge of F’, use the Fourier integral to express the out- 


put transient 7. If the input is a unit step instead of a unit 
impulse, FP; = 1/j2zf. 


Closely related methods of transient analysis and synthesis are 
the Laplace transformation and the Heaviside operational calculus. 
The Fourier integral is a restricted case of the Laplace transform, 
but actually the one which is most simply adapted to the study 
of transients in electrical networks. The operational calculus is 

(b) merely a process for deriving, explaining, and applying some of 
the ideas inherent in the Fourier integral. The present state of 
the literature places the Fourier integral in a position to be of the 
greatest aid in solving network problems. 

(c) THE SUPERPOSITION THEOREM. Any transient can be 
regarded as built up of a number of steps or pulses, a large num- 
ber for smooth wave forms. This is the basis of the superposition 
theorem. A simple example, and probably the first to be dis- 
coyered, is shown in Fig. 15. A square pulse (a) of any width is 

(d) the resultant of two superimposed steps (b), the first one positive 

iid 1s A eee ot and the second negative. The transient response of a network to 
De Saperpoctiaa the square pulse is obtained by first evaluating its response to each 
step (c) and superimposing these transients (d). 

The F\F2 procedure described above has an alternative in the superposition theorem 
of the operational calculus. This theorem is encompassed in a single Fourier integral (No. 
202 in references 7 and 8). As above, 7) is the input transient (whose frequency spectrum 
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is F;) and F» is the response of the network; 7» is the transient which would be obtained 
from the network in response to a unit impulse. The output transient is then expressed 
in terms of J; and T>» as follows: 


T®) = fe. F\(f)F2(f) exp G2mst) df (12) 


=: yh ° Tit) To(t — t’) dt? = ip ° Tit — t’)To(t’) at’ (13) 


The symbol ¢’ denotes the variable of integration, as distinct from ¢, the time variable in 
the transient. 
THE ENERGY INTEGRAL. One of the most useful corollaries of the Fourier integral 


is the ‘‘energy integral’’: 
eo eo 
ff lPPae f[~ rat (14) 
= a.) 


It states that the energy of the transient is proportional to the area under the energy- 
distribution curve over the frequency range, this curve being plotted in terms of | F |?. 
This concept has the widest use for the evaluation of the power associated with random 
noise, which behaves as a great number of impulses occurring at random. It is noted 
that the total energy is determined by the amplitude (squared) independent of phase. 
IDEALIZED FILTERS. Idealized examples of filters and transients are instructive 
as to the basic limitations. The most common such example is shown in Fig. 16 (references 


Amplitude 


Fia. 16. An Idealized Filter and Its Transient Response 


9 and 10). A network (a) has uniform response (with zero phase angle) up to a cutoff 
frequency f-, and no response above this frequency. If an impulse is applied to this 
network, the output transient (b) is symmetrical and is accompanied by transient oscilla- 
tions at the cutoff frequency. If this response is approximated in a real network, the 
phase slope is rather great and delays the main pulse so much that the earliest perceptible 
oscillations (preceding the pulse) occur at a time later than the applied impulse. Inci- 
dentally, this requires an ‘‘excess-phase’’ network as defined above. 

In the transient of Fig. 16(b), the nominal pulse duration may be defined as 2¢,, deter- 
mined by the dotted rectangle of equal net area. If a step (instead of an impulse) is 
applied to the same network, the output (c) has a slope of the same nominal duration 
(called the ‘‘slope time”’ or ‘‘time of rise’’ or ‘‘ build-up time’’). 

The ideal filter of Fig. 16(a) has a perfectly sharp cutoff, which causes transient oscilla- 
tions in the output (b) and (c). The opposite extreme is a response having gradual cutoff 
of the form of a probability curve, somewhat similar to Fig. 3(c) (reference 11). In re- 


5-36 ELECTRIC CIRCUITS, LINES, AND FIELDS 


sponse to an impulse, such a filter yields a rounded symmetrical pulse of the same shape, 
free of overshoot and transient oscillations. This performance is approximated by a 
large number of networks like Fig. 8, with output transients shown in Fig. 12. This case 
has been found ideal in radar receivers, to assure the prompt damping of one echo pulse 
in readiness for another. 

DELAY. A lagging phase angle is characteristic of filters passing a limited band width 
(low-pass and band-pass), and also of transmission lines. The result is a delay of the 
signal, and perhaps also a distortion of its wave form. 

The delay is defined in different ways, as a function of frequency. If @ is the lagging 
phase angle (in radians) at a frequency w (in radians per second), the “intercept delay”’ 
or ‘‘phase delay” (in seconds) is merely B/w. It signifies the delay of each sine-wave 
component along the time axis. If the delay is the same for all components, it is free of 
distortion. This result requires ‘‘linear phase,’’ that is, a phase angle directly proportional 
to the frequency. 

The more general concept is the ‘“‘envelope delay,” defined as the ‘‘phase slope’’ 
dB/dw. This definition is free of the ambiguity of multiples of 27 in determining the phase 
angle. It derives its name from its significance as the delay of the envelope of a transient 
oscillation of many cycles, as distinguished from the delay of the individual cycles. The 
delay of the cycles is inconsequential if the transient is to be rectified, in which event the 
envelope delay uniquely determines the effect of the phase angle on the output of the 
rectifier. 

These two definitions of delay correspond with those of the wave velocity in a trans- 
mission line or other wave medium. The intercept delay or phase delay determines the 
“‘phase velocity” or ‘‘steady-state velocity,” with its ambiguities. The envelope delay 
uniquely determines the ‘‘group velocity,’’ which, from one point to another, cannot 
exceed the speed of light. 
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NON-LINEAR ELECTRIC CIRCUITS 


By Knox MclIlwain 


In solving the fundamental electric circuit equation 
di 1 
= , _— _ ’ 1 
e r+ Lota fia (1) 


the assumption is often made that 7, L, and C are constants. Circuits in which these 
conditions exist are called ‘‘linear circuits’? and have been treated above. If any one or 
more of these circuit parameters vary with the current through it or the voltage across it, 
the solution of eq. (1) in general takes the form of an infinite series, so that the current 
wave form is not a replica of the voltage wave form. Such circuits are called ‘‘non- 
linear circuits.” 
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NON-LINEAR DISTORTION. When it is desired that the wave form of the current 
through a particular circuit element be the same as the wave form of the original voltage, 
and when the response of the element is not directly proportional to the driving force 
(non-linear circuit), the element is said to introduce non-linear distortion. When the 
input voltage is a simple sine wave, the output current will contain components of double 
and higher multiples of the impressed frequency, the amplitudes being determined by 
the series solution mentioned above. 

Non-linear distortion is most serious in sound reproduction since the spurious sound 
harmonics are readily noted by the ear and produce a very unpleasant sensation for the 
fastidious listener. If the rms value of the introduced harmonics is kept below 5 per cent 
of the rms value of the fundamental, the non-linear distortion will not be objectionable 
(sometimes even 10 per cent is allowed). 

One important characteristic of this type of distortion is that, once introduced, it is 
difficult if not impossible to correct for it, so that the component parts of the circuit must 

be separately designed so as 
to have linear voltage versus 
current characteristics (except 

Current for modulators and detectors, 

see Section 7). 
SOLUTION OF NON- 
LINEAR CIRCUITS. The 
change in inductance due to 
the non-linear B-H curve of 
iron, the varying resistance 
of an electric are or of the 
thermionic vacuum tube, or 
‘ae the varying capacitance of 
the condenser microphone, all 
Ae introduce non-linear effects. 
The simplest case is where the 
resistance is some function of 
voltage or current. Fre- 
Fic. 1. Non-linear Current-voltage Characteristic quently this functional rela- 
tionship is given as a curve of 
current against voltage, as in Fig. 1. The first step is to fit an analytic expression to the 
curve. Two methods have been widely used in communication practice: 


Voltage 


(a) a power series of the form 


t= Apt Are + Ace? + Aze® + >>: (2) 
(b) a trigonometric series 
4 = Ao + Asin (e + 6) + Ag sin (Qe + 62) + -::- (3) 


16. POWER SERIES SOLUTION 


Such devices as thermionic vacuum tubes, electric ares, some surface contacts (such as 
copper oxide and lead), and certain crystalline structures have a current-voltage char- 
acteristic similar to that shown in Fig. 1. Since the instantaneous value of the electric 
resistance to an increment of current is Ae/A?, the resistance varies with the applied volt- 
age, orr = F(e). 

The coefficients of the power series of eq. (2) may be evaluated as follows: If four 
terms of the power series are of interest, choose four separated points on the current- 
voltage curve and use the four sets of values of e and 7 in eq. (2). Solve the four resulting 
algebraic equations by any of the standard methods for Aj, Ae, etc. This method may 
always be used no matter how irregular the curve and will always give correct results 
for the points chosen; unless the curve is smooth it may give quite incorrect results for 
intermediate points. The characteristic must be plotted including all resistance in the 
circuit whether variable or invariable. It is extremely difficult to include the effect of 
reactance in the circuit. The application of the method is thus limited, but it is useful 
in certain special cases. 

TAYLOR’S SERIES. If the equation of the current-voltage characteristic is known, 
or if it can be found (it is frequently of the form 7 = Ke” for at least portions of the curve, 
in which case the constants can be evaluated by plotting on logarithmic cross-section 
paper), the solution by Tavlor’s series is useful in evaluating the coefficients of eq. (2). 
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The current at any point (e) in terms of the current at a particular point (Ho) can be 
written. 


(4) 


5 = 2 927 
fs PB) + (e ~ Ba) S| + Sa 
0 


2! de? 


where the derivatives are all evaluated at the operating point (Ey). Care must be exercised 
in using this formula that the voltage is confined to the region wherein the curve follows 
the assumed law and within the limits of convergence of the series. A detailed treatment 
of this method is given in article 20. 


17. TRIGONOMETRIC SERIES 


In some applications of devices such as vacuum tubes and gas-filled tubes, the devices 
operate over a range large compared with the part of the characteristic shown in Fig. 1. 
The application of a power series would usually, under such conditions, require an un- 
reasonable number of terms in order to obtain even a fair approximation. On the other 
hand, a trigonometric series with a properly chosen fundamental period permits the ex- 
pansion of such a curve using only a few 
terms for a fair approximation. 

The trigonometric series is periodic by 
nature and so does not represent the | 
characteristic outside of the interval over ' 
which the harmonic analysis was taken. | 
When the curve is of the form abc in Fig. 2 ab 
and the voltage varies only over the in- { 
terval dbe, the curve can be arbitrarily Fra. 2. Construction for Use of Trigonometric Series 
replaced by any other curve outside of 
this interval. If the curve outside of this interval is replaced by a curve as shown by the 
broken line in Fig. 2, such that the resulting curve is skew-symmetric about the point e and 
symmetrical about the vertical axis through d, eq. (3) reduces to 


4 = Ao+ Aisine + A3sin 38e + :-:: (5) 


Because of the symmetrical properties of the resulting curve both the even harmonics 
and the phase angles become zero. The choice of curve outside of the operating interval 
so that the resulting curve has these properties of symmetry is always possible. The 
convergence of the series is usually greatly increased by using this built-up curve (with 
a fundamental period four times the distance from d to 0). However, other choices of the 
curve outside of the working interval are even better in particular cases. 

A fundamental period having been chosen and the curve having been completed through- 
out this period, the coefficients of the harmonie sine functions can be determined by means 
of one of the several available schemes for harmonic analysis (see article 24). 

In most electrical engineering the e has the form of a constant voltage plus a series of 
sine-wave voltages. When voltages of this form are substituted in eq. (5) and the suc- 
cessive terms expanded by means of the trigonometric formulas for the sine and cosine of 
the sum of two angles, the series consists of terms of the form cos (a sin d) and sin (z sin d) 
which can be expanded by the formulas of Jacobi 


Jo(x) + 2 Dai Jxx(x) cos 2Rd 
k=1 


cos (x sin d) 


and 


sin (x sind) = 2 >) Jor-1 (2) sin (2R — 1)d 


R=1 


where J;,(z) is a Bessel function of the first kind, of order m and modulus z. These functions 
can be found in tables of Bessel functions. See p. 1-37. 

By means of this expansion the amplitudes of the sinusoidal components of the current 
flowing in any circuit can be calculated from the current-voltage characteristic of the 
circuit, provided that the circuit contains no reactive elements. No general analytic 
method has yet been devised for the direct application of the trigonometric series in a 
circuit containing reactive impedance analogous to that treated in article 20. However, 
eq. (3) or (5) having been obtained, the differential coefficients of eq. (4) can be obtained 
simply by differentiation. ; 

This solution can be extended to the case of two or more independent variables as in 
the application to the three-electrode vacuum tube with variable amplification factor and 
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with independent voltages applied in both the grid and plate circuits. However, the work 
is so voluminous that it is practicable only in very special cases. 


18. INDUCTANCE VARIATION 


When the variation of inductance is of importance the magnetization curve (locus of 
the tips of the hysteresis loops) of the iron forming the (closed) magnetic circuit of the 
reactor is required. This is usually similar in form to the curve in Fig. 1 with flux density 
(B) as ordinates and magnetizing force (H) as abscissas. This curve must be replotted 
in the form of 7 (the exciting current) as a function of ¢ (the total flux). Then by 
Taylor’s formula 


i= Flo) + @ — 0) = |,+ (oo mal (6) 
in which the derivatives are evaluated at the operating point. Define 
Ocal eel 
“rlbgi 


where Ly is the usual incremental inductance (apparent inductance to a change in current) 
at the operating point. Then (see article 20) 


=| gut nx | 
O¢? Jo Li? 0¢ to 


and so forth. Also e = —dd/dt so that if edt = —®@. If increments are considered 


$—b0= ba= — feodt 


If ¢g = DEn cos (wnt + On) as is usual (see article 21), then 


1 
da = — ea] x =| 
Jw 


where the symbol [X] indicates that the maximum value of each first-degree cosine term 
of different frequency in the e immediately preceding is to be multiplied by the modulus. 
of the complex quantity within [X], and the phase angle of the complex (in this case 7/2) 
is to be added to the phase of the cosine, both modulus and phase being evaluated at the 
frequency of the given cosine term (see article 20). 

Substituting these expressions in eq. (6) 


rene Ss ot Speer 


Hence if the B-H curve were a straight line 0L/d¢ = 0 and 


4 E,, co: On — 1/2 
> in COS (Wnt + On 1/2) 
@nLo 
To obtain 7 in terms of the applied voltage H’, in the circuit containing the variable 
inductance and a constant impedance z the same process employed in introducing imped— 


ance load in the case of a varying resistance must be employed (see article 21) 
There results 


t=elX alte" Xa] +--: (8) 
where 
Kelpie 
O zrk Galen. z! 
pes ales 
2 CoKo) 0 Z 
which is to be so interpreted that 
a _ __ LolimCin =| 
Brae 2Z(m+4n) OP Jo 


and 


_ cr(exz) OL | | Lo(er)§ aL | \? PL 
Mann ah 3lz Fle hoe 
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which is to be so interpreted that 


cy = mean +a) Z(n+a) + Cin€2(m-+a)Z(m+q) + C1gl2(m+n)Z (m+n) =< | 
C’ (m+n+q) 0¢ Jo 


LoCimCinCig (=| ) = | 
+ 2 aay) be 
SUK ns) 36 Jo ag? Jo 


19. CAPACITANCE VARIATION 


When the variation of capacitance is of importance, as in such devices as the condenser 
transmitter, eq. (1) may be rewritten as 


Be tee De (9) 


and the characteristic of the device plotted as charge against voltage. The same methods 
of solution used for resistance variation are then available (with the exception that the 
operator z introduced in the detailed solution of article 21 must be replaced by jwz). 


20. APPROXIMATE SERIES EXPANSION FOR THE PLATE CURRENT 
OF A TRIODE (ASSUMES }# CONSTANT) 


Circuits containing thermionic vacuum tubes are chosen to exemplify the detailed 
treatment of non-linear electric circuits because of the commanding importance of the 
thermionic tube in communication 


practice. This wide use has occurred 4 

largely because the triode, tetrode, 50 

etc., combine an amplification or con- | 

trol function with the non-linearity 22 Normal Plate Voltage and 
of the current-voltage device; in 40|+ pasnenuCuntcny 


most tubes it is possible to employ 
either or both functions by a simple 30 — 
shift in electrode operating voltages re 
(see Section 4 for nomenclature and Ee=0| 4c 
characteristics). aly i) 
The triode is generally used in 
practice with steady voltages applied 
to both grid and plate, and in addi- 
tion at least one varying voltage on 
one of the control electrodes, and 
frequently with one or more varying 
voltages impressed in both the plate 
and grid circuits: these instantaneous 
currents (%, %-) and voltages (ep, éc) 
may be conveniently split up as 
follows: Exponent = 1.86 
t = Ip + tp | te 
te = Te + dg 
éc = Ee + eg y 
eo = Ey + ep 1.5 w fea ic 


where the capital letters (Hs, E., In, / 
I.) indicate steady values obtaining 1.0 
before the application of any varying 
voltages in the plate or grid circuits; 
the lower-case letters with subscript Fic. 3. Mutual Characteristic of a Ee ae plate 
p or g indicate instantaneous values voltage = 130 volts, u = 5.4 
of varying components. Ali these 
voltages are specified as actual voltages between electrodes; if the external circuits contain 
impedance these voltages will differ from the supply voltages. 

The plate current of the usual triode is a function of eé¢. ey, and the amplification factor 


to 
fo} 


J e 
oO 
+ 


- Aa AN wOWO 


—- 


ae 


— 


I, —Plate Current in Milliamperes 


“oH 
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p(= — dep-de, when 1 is held constant) such that for at least portions of the operating 
range 
0 
i= K (2 + cc) (10) 


where K and 7 are constants. The values may be found for any tube by plotting the plate 
e : 5 : 
current of the tube against equivalent grid voltage (2 + ec) on logarithmic cross-section 


paper as shown in Fig. 3. The value of 7 in most triodes usually lies between 1.5 and 2.5; 

since it varies around 2.0 the triode is sometimes said to follow a square law. This may 

be sufficiently accurate for rough calculations but is not satisfactory in an exact analysis. 
Expanding by Taylor’s series 


: Oty (@p + [éeg)” =] (€p + peg)? =| Pd 
t) = F(Ep, Ee) + (ep + neg) | + eel. eet aa a Rie SOR? a 


(11) 
where the subscript 0 after a bracket indicates that the derivatives are to be evaluated 
for e, = BE, and e. = E,. Note that J, = F(H», EH.) and may be subtracted from each 
side of eq. (11). Also define the static plate resistance as 


zs = | (12a) 
Tp dep _|o 
then 
O*%ip 1 ae | 
seed PS Pees db 12b 
aI Tp? en _to (126) 
and , 
03% 2 | y 1 a 
—— - == 12 
al One (= 0 Tp? Cex? Jo (i2¢) 


Making these substitutions, eq. (11) becomes 


_ (p+ mee) — (ep + geen Se | 2(ep + peg)? ze | 
z Tp Die den Jo Saee dep Jo 
e €g)3 Or 
er ( Dp ae ‘ A) Dp (13) 
3lrs der? Io 

Uf, as is usual in amplifiers, ep = 0, then the factor u/rp)(= d%p/de-) frequently appears in 
this equation. It is designated g, and called the grid-plate transconductance (mutual 
conductance). Expansions in terms of transconductance are particularly useful when pu 
is variable or when the plate resistance of the tube is so high that external resistances are 
negligible (see article 22). 


21. CHARACTERISTICS OF TRIODE WITH LOAD 


When the triode is used with external impedance there are voltage drops in these 
impedances so that the electrode voltages are the differences between the applied voltages 
and these impedance drops. Since eq. (13) applies to the voltages between the electrodes, 

account must be taken of the impedance drops. 
Te RESISTANCE LOADS. When the external loads 
y, are pure resistances the electrode currents and voltages 
may be split up as follows (see Fig. 4). 


29 t% = Ip + tp 
as te=Ie+ % 
@c = Ee + eg = EH’, — rele + eg — reg 
Fia. 4. Triode with Resistance Load ep = Ey + ep = Ey — rly + e'p — rip 


where ép is the sum of the externally impressed voltage and the load resistance drop in the 
plate circuit, e, is similar, and r and r, are the external resistances in the plate and grid 
circuit. The voltages e’, and e’y are the driving voltages introduced in the grid and vlate 
circuits. 
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If the assumption is made that the plate-grid transconductance gn(= 0i-/des) is zero, 
as is usual for small grid voltages, then the grid current (r, is the internal grid resistance) is 


i e's Osis OTe 
a ——$———— ee 
tin tai Eh) terra bee ee 
and the varying voltage between grid and cathode is 
e! org Ceieige One 
eee ans Ae Bo 1 
Sette | 2re + re)* dec 2) 
The varying component of the plate current (let e = eg + e’p/p) is 
pee eo wer, oe | wer, (2rp — 7) (=| y 
P rp tr 2Nrp + 7)3 dev Jo 3'rp + 7r)> \ dex Jo 
yt Cy ye 
= ——— a (16) 
3!(rp + 1)* des? Jo 


Usually the higher-order derivatives rapidly decrease in value, and, since in the higher- 
order coefficients the power of (rp + 7r) in the denominator rises rapidly, all terms beyond 
the third may be neglected for most practical applications of the tube. 

IMPEDANCE LOADS. When impedances are connected in the external circuits of 
the tube (instead of the resistances of Fig. 4) it is impossible to write the external imped- 
ance drop in vector form until the plate circuit is specified. Use may be made of the 


d 1 
operational impedance (2 =Hart+L a + CG i ar) which is such that 27 represents the im- 


pedance drop regardless of the form of 7. Of course it is impossible to evaluate zz until 7 is 
known. The plate current may be written in terms of an operator denoting a delayed 
multiplication, called the square cross bracket, as 


A$ Gil oP Gil >< Clare GIL Blar 299 ; (17) 


tp 
where 


ML LB 
= a 1 
he Tp ad Z 8) 


in which z is to be separately evaluated for each component frequency of interest. Note 
that z’ is the total impedance of the plate circuit at the particular frequency. Likewise 
Tp OTp 


aes - Bo (oa)? (19) 


2 0ep 0 Ze 


in which each of the c’s is to be evaluated at the frequency of one of the original frequencies 
beating together and z’ is to be evaluated at the beat frequency. For instance, to find the 
size of the current component of periodicity (wm + wn) caused by the beating of two terms 
of periodicity wm and wn, evaluate 
Emenee 2 @! 
pee pe ninn ie Clip | (19a) 
0 


E,¢: J 
EmEnC2(m +n) DN za ny. eb 


Similarly c3, which embraces terms caused by three of the originally impressed com- 
ponents beating together (these are very important in calculating the amount of interfer- 
ence introduced in a radio receiver by neighboring carriers), is 


a €1(€2Z) Ory Tp(C1)? (| y- a 2 
Sabieigs ae + Bani Nene Jamel 2 iae,? 5 0 


which is to be so interpreted that 


CimC2(n-44)Z(n-+a) + Cin€2(m +g)Z(m +a) F C1g02(m 4n)Z (m+n) OTp 
C3(m+n+q) = 


2! (m 4+n-+a) Oey 


fs T pCimCinC1q {2 (=| \- ro | (20a) 
3! 2! (m4n+a) der Jo deo" Jo 
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Table 1. Plate Currents of a Triode 
1. No load and resistance load; » assumed constant. 


, 
‘ e 
tp = cre + coe” + c3e® + ete. (¢ =e+—2 


7 
ee ee 
C1 c2 c3 
Noload, | # | _ | e { (] \s hs als \ 
eq. (11) Tp 2r2y deb_lo 3r3p ded_\o 2 dep2_Io 
Resistance | 4 Herp orp wiry 
ao Pe 2) rp — 4 ao ounne els 
ae a lrp trl 2l(rp + 1)8 depto| 3!(rp + 7)5 Sie a Gz apy aida T 


Ce ete aU ee | ee 
2. Impedance load; » assumed constant. 
ip = e[Xci] + e*[Xc2] + e%[Xc3] + ete. 


Cy C2 C3 
BH — tp orp (C1)? sue ore] 4 aetalen arp r})'- _ tp arp 
Pont ZoperZs 2 ar z’ zen ae 2 ete 
eq. (18) eq. (19) eq. (20) 


The expression e?[X cy] means that e? is to be reduced to first-degree cosine terms, after which each 
cosine term is to be multiplied by the modulus of c2, evaluated at the frequency or frequencies con- 
tained in that term, and the phase angle of cz is to be added to the phase of the cosine term. For 
the method of assigning frequencies in cg and c3 see eqs. (19a) and (20a). 


As in the case of resistance load the grid voltage eg does not equal the voltage introduced 
into the grid circuit (e’,), but can be obtained therefrom, as 


1 Ze T, Or 
= e| x 5 |r SU ée| x chin |e wal aR Io.eP (21) 


in which 2” is the total impedance of the grid circuit. In the second term (z”)? is to be 
treated like the term (c)? in eq. (19), that is evaluated at the separate frequencies which 
are beating together. 

For example, assume a pure cosine voltage e’p = E’ ys cos (wst + 03) impressed in the 
plate circuit, and a similar voltage eg = Egn cos (wrt + On) between grid and filament (or 
anywhere in the grid circuit if the grid is held negative). Then as far as c; and ce, are 
concerned 


HE en COs (wnt + 6’ my Ens COS (west + 6/5) 
tpa = 5 
phos Che 
Tp oe | E ME en? El ps MW Een® COS (Zant + Ben) 
~ 4 de Job 22(rp +7) * 2/2(rp + 7) Zaeien) 
E’ De cos (2w¢ + Bs) 2uUE gn’ ps cos (wst + wrt + Ban) 
te 125 a (ORY, BD 
23% (28) 2 2 nZ (s+n) 
QUE gE’ ps COS (wst — wnt + Bsn 
att Ming: ps 5 ste Bs | (22) 
8& n®& (s—n) 
where * 


0’, = On — tan 


Xn r Ont 
and 6’, is similar 
tpot+r 


-; (2 Cas teas 
Bon = 20’, — tan om ies and 83, is similar 


ar 
Ban a Om + 6e = tans Een) 
lie ye 
and 
Bin = hes = Ges = tan7? —) 
iy ae tb 


* Note carefully the positive sign associated with tan + 


; in Bsn. This occurs through the 


subtraction of 6’, from 6’s, even though 2p is in the denominator. Lawes importance of this difference 
im sign of this term in 4, and Bsn is brought out in Section 7, article 18. 
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A comparison of the expressions for c; and c: given by eqs. (18) and (19), respectively, 
shows the effect of the impedance load, which appears in the denominator of ¢: to a higher 
power, in decreasing the percentage value of the harmonic terms, or in straightening the 
plate and mutual characteristics. From this it may be seen that an impedance load acts 
similarly to a resistance load in tending to decrease the relative size of the harmonics intro- 
duced by the non-linear shape of these characteristics. The impedance load of course 
introduces frequency distortion. 

DYNAMIC PLATE RESISTANCE. When the steady voltages applied to a triode are 
such as to cause the static operating point to be within a curved region of the mutual 
(or other) characteristic, or so near to a curved portion that the applied alternating voltage 
causes the triode to work on a curved portion for a part of a cycle, more accurate re- 
sults will be obtained from the series expansion by evaluating the derivatives at the 
average values of voltages obtaining during the cycle. These may be quite different from 


4 1 L 
the static values. The plate resistance so defined { — = Cay | is called the 
lp dep average 


dynamic plate resistance; see eq. (12). All other derivatives should likewise be evaluated 


at the dynamic operating point, if there is considerable change in the direct, or average, 


current when the signal is impressed. 

The dynamic parameters are quite tedious to compute but their values may be approx- 
imately measured on an impedance bridge if the amplitude of the applied voltage is the 
same as that of the signal voltage. The resistance measured on the bridge is called the 
effective plate resistance and for small or medium voltages is equal to the dynamic plate 
resistance. When they are not equal the dynamic resistance is the value to be used in 
evaluating the series; the effective value must be used if it is desired to express all the 
fundamental current in one term. : 

VARIATION OF AMPLIFICATION FACTOR. If the variation of ~ must be con- 
sidered (it always should be in pentodes) the first term (ci), Table 1, is unchanged but the 


second term (cz) is 
= Pes Mirna ues tale 
ag Oey ak re Oe. 
C= 
Dn Lind (nen) 


which shows the increased distortion arising from the variation of py. 


22. ANALYSIS FOR MULTI-ELECTRODE TUBES 


The above method of analysis can be extended to tetrodes, pentodes, etc. If voltage 
is introduced into only one control circuit, and if the other grids have low impedance, the 
analysis as given is sufficient for any case. If, however, there are impedance drops in 
several of the electrode circuits each must be analyzed in the same manner. The equations 
are very complicated and not of sufficiently general interest to be included here (see 
High-Frequency Alternating Currents, MclIlwain and Brainerd, John Wiley & Sons, Appen- 
dix A, for complete development). 


23. METHOD OF SUCCESSIVE APPROXIMATIONS * 


The calculation of the coefficients in the power series expansion of a vacuum tube and 
its associated circuit becomes extremely complicated for terms higher than the third term 
and for analyses of multi-electrode tubes. Thus the analysis of circuits containing vacuum 
tubes by means of the Taylor’s series expansion of the tube characteristics, although 
theoretically applicable to all circuits, is applicable in practice only to those circuits for 
which the series converges very rapidly. The factors affecting the convergence are (1) the 
amplitude of the applied voltages and (2) the sharpness of the curvature of the character- 
istic in the operating range, that is, the magnitude of the higher derivatives of the char- 
acteristic. Thus for high level voltage amplifiers, power amplifiers, large signal detectors 
(including linear detectors), and most oscillators, the treatment by Taylor’s series is 
practically useless except possibly for qualitative analysis. 

In such cases the method of successive approximations is sometimes useful. Equations 


of the form 
% = Fy(e1, 2) (23a) 


te = Fo(e1, e2) (236) 
are written for the total number of currents and voltages involved.t 


* Articles 23 and 24 were contributed by Dr. Cari C. Chambers. | ’ : 
+ This method is applicable to certain types of discontinuous functions such as those found in dealing 


with gas-filled tubes. 
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For the triode with voltages in both the plate and grid the equations become 
ip = Fi({e’g — %| X Z,]}, {e’p — %[ X Zpl}) (24a) 
F2({e’g — uel X Zl}, {en — tl X Zp] }) (24b) 


where the symbols have the same meaning as in the previous section on the Taylor’s series 
expansion of vacuum tubes. 

The values of the resulting currents are estimated and called po and tgp. These can be 
obtained from oscillograms of a similar vacuum tube, from the approximate solution by 
means of the Taylor’s series expansion, or simply from an intuitive guess. Although the 
accuracy of the estimate of the value of to and %go is not theoretically important, the labor 
involved is directly dependent upon this accuracy. 

Having ipo and io, the first approximation is calculated by substitution of these values 
in the right-hand members of (24a) and (245), giving 


ip = Fi({e’g — %ol X Zale {ep — tol X Zp] }) 
Fy({e’s — tol X Zel}, {e’» — tpol X Zp) }) 


The second and higher order approximations are obtained by substituting the preceding 
approximation in the right-hand members of eqs. (24). 

In making these successive substitutions it is necessary to write the preceding approxi- 
mation in separate sine-wave terms in order to evaluate %,[ X Zg] and %p,[ X Zp]. This 
can be done by any of the various methods for harmonic analysis (see Fisher-Hinnen, 
Method and Wave Analysis, article 1). When zp and 2g are selective impedances, the only 
harmonic components of the current of importance for purposes of substitution are those 
for which zp and z, are not essentially zero. For this reason this method of analysis is 
especially applicable to class B and class C r-f amplifiers, oscillators, and frequency 
multipliers, where the plate impedances are highly selective. 

The functions Ff, and F2 can be in any form in which they are completely specified over 
the entire operating range of the applied voltages. Thus any analytical expression for 
the tube currents or any complete set of curves is sufficient for use in the above method of 
analysis. 


ll 


tg 


Ug 


24. HARMONIC ANALYSIS OF THE CURRENT FOR A SINUSOIDAL 
APPLIED VOLTAGE 


In many cases the performance of a non-linear circuit can be predicted from a knowledge 
of the harmonic content of the current when a sinusoidal voltage is impressed in the cir- 
cuit. The usual discussion of the 
merit of a non-selective amplifier as- 
sumes a sine-wave excitation, to avoid 
the complexity introduced by the 
presence of the many beat terms 
otherwise present. 

When the relation between the in- 
stantaneous impressed voltage and the 
instantaneous current is given it is of 
course possible to plot the wave form 
of the current. This may then be 
analyzed by any of the usual methods 
of wave analysis. 

When the input voltage varies sinu- 
soidally, the output current will be 
periodic, having a fundamental peri- 
odicity equal to that of the input volt- 
age. In resistive circuits the relation 
between the input voltage and the 
output current is independent of time, 
so that the output current will pass 
from maximum to minimum and from 
minimum to maximum over the same 

Fic. 5. Tube Characteristic and Sine-wave Input path, in fact, over the characteristic 

curve. (The term characteristic is 
applied in its original sense to the instantaneous relation between input voltage and output 
current). It follows that. if a complete period of the plate current is T seconds, i(t) 
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= 1(T — t) when the origin of time is chosen at the instant when the current is a max- 
imum. This form of symmetry insures that when the output current due to a sinusoidal 
input voltage is written in the form 


t = In + Ii cos (wt + B1) + In cos (2wt + Be) + (25) 


the phase angles 8}, Bo, etc., will be zero. 

Several methods of analysis are used to obtain the values Jo, J1, etc. The one of broadest 
application is the variation of the Fisher-Hinnen method applicable to such a characteristic 
curve instead of to the wave itself. The analysis by this method can be stated as follows: 
consider the zero point of the sinusoidal input voltage variation to be the zero of the base 
line of the characteristic, and consider the scale along this base line to be such that the 
peak value of the input voltage is unity. Then 7(e) is the relation given by the mutual char- 
acteristic where e is the input voltage which on this scale varies from —1 to +1 and 7 is 
the corresponding output current (see Fig. 5). Then the J’s to the second approximation 
in the Fisher-Hinnen method of analysis are given by 


T, = }/2(eQ) — «(—1)] 

Ip = 1/4 (41) — 2400) + 1(—-1)] 

Is = 1/6 [v(1) — 21(0.5) + 21(—0.5) — 1(—1)] 
= 


ie sy - 7A 00 =e a — 24(—0.707) + Sy ea 


In = [ a2 es 2) 49 (.os28) 2% (00.28). £27 {eat =n) +i(—1) | 


The I’s to the fourth approximation in the Fisher-Hinnen method are then given by 
ii = Ibs coe Ton ae Tin 
The d-e component Jp is given to the second approximation by 


ie way, [ «o 2 a(1) +4 1) ue 4(0.707) a oe | 
Another method (see D. C. Espley, Proc. I.R.E., Vol. 21, 1439 [1933]) has the advantage 
that the points along the input voltage axis of the mutual characteristic, at which the 
current is evaluated, are equally spaced. This analysis using three points gives results 
identically the same as the values for J; and Jz given by the Fisher-Hinnen method. 
When five points are used the J’s become 


Io = 1/6 [4(1) + 22(0.5) + 22(—0.5) + t(—1)] 
Ty = 1/3 (1) + 20.5) — 7(—0.5) — a(—1)] 
Tz = 1/4 [t(1) — 2¢(0) + 1(—))] 
Iz = 1/6 («(1) — 22(0.5) + 27(—0.5) — 7(—1)] 
Ig = 3/y2 (01) — 400.5) + 62(0) — 42(—0.5) + 1(—1)] 
For the values of the J’s using seven equally spaced points see the original paper referred 
oe ae special case when the even harmonics are balanced out as in ‘‘back to back’’ 


amplifiers (pushpull class A, class B audio, and class AB amplifiers, see Amplifiers, Section 
7) the mutual characteristic becomes like that shown in Fig. 6. Jo is balanced out of the 


output current as well as the even harmonics so that 7(e) = —7(—e). For such amplifiers 
the analysis by the Fisher-Hinnen method gives for the remaining I’s 
I; = 74) 


Iz; = 1/3 [t(1) — 22(0.5)] 
Ts = 1/5 (1) — 24(0.809) + 24(0.309)] 
Tr = 1/7 [é(1) — 2%(0.901) + 24(0.624) — 21(0.222)) 


C1 5s 10 we 6 ere é Cp eke 50. 6 (6) (00:6). Oy 01 8) O16: GO mung 


m * {ia — 4 (cos ") + 24 (cos ==) — see ck 2 (cos eee) | 


As before, a better approximation for J, is obtained by subtracting Is, from the cal- 
culated I. 


In 
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When this symmetry exists the method of Espley described above reduces to the Fisher- 
Hinnen method when the measurements are made at only five points (for this special 
case only two points need actually be measured), and the seven measured point analysis 
of Espley reduces to 


T, = 1/390 [167i(1) + 2527(0.667) — 452(0.333)] 
Tz = 1/198 [45¢(1) — 367(0.667) — 637(0.333)] 
Ts = 81/g40 [¢(1) — 47(0.667) + 52(0.333)] 


Here because of the symmetrical character of the curve only three points actually need 
be measured. 

Mouromtseff and Kozanowski (Proc. I.R.E., Vol. 22, 1090 [1934]) give a somewhat 
simpler method to calculate up to the eleventh harmonic in the case of a symmetrical curve 
such as Fig. 6. The straight line aob is drawn intersecting the curve at the point of maxi- 
mum input voltage, that is,e = 1 in the notation used above. Then, instead of measuring 
a(e), Az(e) is measured where Az(e) is the difference in current between the curve and the 
line aob and is taken positive when the line aob is above the curve. This gives for the J’s 
in the order in which they are to be calculated 


Is = 0.4[Az(0.309) — Az(0.809)] 

I3 = 0.4475[Az(0.309) + Az(0.809)] + 0.333A7(0.5) — 0.578A7(0.866) — 0.5/5 
Iz = 0.4475[A7(0.309) + Az(0.809)] — J3 + 0.5/5 

Ip = Iz — 0.867A4(0.5) 

In, = 0.707A7(0.707) — I3 + Is 

Ty = 11) — Ig + Is — In + Ig — Tuy 


Any of the above methods can be used for the calculation of the I’s in eq. (25) when 
the input voltage is sinusoidal. The per cent amplitude for any given harmonic is then 
I,/T; for an input voltage, the peak value of which is taken e = 1. The complete equation 
of the curve from e = —1 toe = +1 can be written in the form 


t(e) = In + The + In cos 2(cos te) + I3 cos 3(cos te) + --- 


This expression for the output current is unique; that is, for each value of e between 
—1 and +1 this equation gives the corresponding instantaneous plate current provided 
that the conditions prescribed at the 
beginning of this section are fulfilled, 
chiefly, that the load is essentially a 
constant resistance over the operating 
frequencies and voltages. This expres- 
sion can be used in several ways although 
calculations of the operation for input 
voltages other than a simple sinusoid of 
amplitude unity on the scale of e are 
extremely complex analytically. 

The calculation of the distortion and 
— Input Voltage Output by any of the above methods for 

a sinusoidal input voltage having an 
amplitude of a fixed fraction of e can be 
made by means of this expression for 
a(e) without again using the curve. 
Formulas can be developed for this pur- 
pose using any of the above methods of 
i(-1) analysis as a basis giving the J’s corre- 
sponding to an input voltage of frac- 
Fia. 6. Mutual Characteristics of Two Tubes “Back tional amplitude. 

to Back” This method of analysis can generally 
ek : ; * be used when the resistive load is 
coupled into the non-linear circuit by a transformer. For if the transformer is ‘“‘perfect”’ 
the relation between voltage and current is the same as for a resistance load (see Trans- 
formers, Section] 6); in other words the transformer offers a resistive impedance to the 
circuit. Practical transformers are nearly perfect enough to assume that their only effect 

is to multiply (or divide) the load resistance by the square of the turn ratio. 


Outpot | Current 


@ 
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25. INPUT IMPEDANCE OF A TRIODE 


Neglecting the leakage resistances between electrodes the equivalent circuit of a triode 
with grid negative is shown in Fig. 7. The equivalent input resistance is 


TCs [ « + 2) (uC2 + Cz + wCs) + rprC3 — “| 


= orp? + BY (2 + a) + 1_(Ci + Os (2rB — 2ar,zA +1,(G +0] 
the equivalent input reactance by 
wry? (C2 + Cs) (7? + 2) A + BC? + 2? + rrp) 
+(Ci + C3) (7? any or p’a(2A + C;?) 
Cay elite (26b) 


| wo{ (co'rg2A? + BY) (7? + 22) 
+rp(Ci + Cs)[2rB — 2orprA + rp(Ci + Cs)]} 


where Aa Ci Co “+f C1 C3 + C2C3, and B = Cy + C2 + pwC3. 

Both the numerator and denominator of each of these expressions contain negative 
terms; thus either can be positive or negative depending on the circuit parameters. If the 
value of the reactance becomes positive it indicates that 
the equivalent input reactance is inductive. If the value 
of the expression for resistance becomes negative, it in- 
dicates that the real part of the input impedance of the 
tube is an equivalent negative resistance and is supplying 
instead of absorbing power. The input resistance will 
become negative only for certain values of inductive load; Filament 
ef. eq. (26a). When this condition exists, the tube will Fra. 7). Sicaplified Hquivalent! Cir 
always supply a greater plate current than it would for Cito hLodS 
the same grid voltage and a non-reactive load. When 
this occurs the tube is said to be regenerating (see Section 8). If the negative input resist- 
ance exactly equals the external resistance the total resistance of the circuit is zero and 
current can flow without a driving voltage; in such a case the tube is said to oscillate (see 
Section 7, oscillators). 

When the grid voltage is positive, grid current flows and the grid resistance is defined 
by 1/rg = 0%,/0eg. This is practically infinite when the grid is negative but may be quite 
small when the grid is positive; in this latter case the interelectrode impedances are usually 
negligible in comparison to it so that the input impedance of the triode is simply r. 
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ELECTROMAGNETIC RADIATION 


By Knox Mcllwain 


& 4 . , 
All forms of wireless or radio transmission depend on the fact that electromagnetic 
energy is radiated from any wire in which a varying current flows. The current in the 
wire sets up magnetic and electric fields, in which it is usually assumed that the energy 
associated with the current flow is stored; a portion of this energy, however, is not stored, 
but continually travels away from the wire, or is radiated. Radiation i is a _ phenomenon 
which is totally negligible at low frequencies. 
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26. MAXWELL’S EQUATIONS 


There are two well-known experimental relations between magnetic and electric fields. 
The two fields are interdependent, a change in one always being accompanied by a change 
of the other. The two laws are: 

1. Whenever the net magnetic flux linking any closed loop changes, an electromotive 
force is set up in the loop. If ¢ is the net magnetic flux linking the loop, then (Faraday’s 
law) the electromotive force is 

do 
e= at (1) 

2. The resultant magnetomotive force (in ampere-turns) acting around any closed loop 
is equal to the rate of flow of electricity through the surface bounded by the loop plus the 
time rate of change of electric flux through this surface. If 7 = dq/dt is the rate of flow of 
electricity (total conduction current in amperes) and y the electric flux through the surface 
then the magnetomotive force is 

dy 
m=it+ zt (2) 

Botn these relations are such that the force expressed by the lett side of the equation 
bears a right-hand-screw relation to a positive increment of the right-hand side. They 
apply to any medium whatever, to conductors, dielectrics, ferromagnetic substances, etc. 

By applying these equations to an elementary volume in space, Maxwell’s laws of 
electromagnetism are developed. Stated in vector notation these are (all quantities are 
expressed in mks units) 


ve + K 5° = oul (3) 
0H 
ae ee curl & (4) 
From these the continuity equations immediately follow; 
div u = 0 (5) 
divB=0 (6) 


where u is the total current density in amperes per square meter and B the magnetic flux 
density in webers per square meter. 
Stated in the ordinary component form these equations are: 


Kée, 0H, OH, 


hc ES ee re (3a) 
vey + noes = ae - a (3d) 
vee + Soe = Sy _ (3c) 

i ia yes Bey (4a) 


—p—t = 2 (4b) 


= aot ar (4c) 


at 
gn (e+ a) +35 (¢ 
PR a ay w+" 2) 4, 4 (5a) 


where o is the conduction current density in amperes per square meter and D the electric 
flux density in coulombs per square meter, and 


Ox Oy fe O27 ak e (6a) 


Only fields which satisfy these relations are possible, and these equations may be used to 
determine the necessary form for particular fields. 
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The energy flow associated with the electromagnetic wave is found by developing 
Poynting’s vector 


P = eHsin (&, H) (7) 


which is a vector perpendicular to € and H, whose magnitude depends on the product of 
€ and H and the sine of the angle between them (measured counterclockwise from € to H). 
The integral of Poynting’s vector over a surface gives the rate at which energy flows 
through the surface. 

WAVE EQUATION. In an isotropic insulating medium no conduction current can 
flow, since y (eq. 3) is zero. Elimination of H between eqs. (3 and 4), and similarly for ¢, 
gives the wave equations 


Pe ba (io fo LOLEe ee © Ne gl F 
02 = wK (S 4 Oy? e *) a ey ‘ (8) 
OH 1 (F eH a2) 1 


Aisi ag a Hl (eae EEN \ ye 
oe wK \ dx? Oy” 02" pk Nat (9) 


Solution of these equations shows that each component of electric or magnetic field must 


have the form 
€z = hi (6-2) +4 (1 +2) (10) 


where » = +1/V uwK. These functions represent incident and reflected waves (see p. 5-23) 
traveling at the velocity » (= 3 X 108 meters per sec in vacuum and close to that in air). 
The wavelength is defined as the distance traveled in one period. 


27. PROGRESSIVE PLANE WAVES 


“Wa 
The simplest form of wave mathonidateally is one which travels along the x axis, say, 
and in which it is assumed that none of the fields vary with y or z. In such case (by 


Maxwell’s laws) « 
&; = 0 ¥ (11a) 
&, = &, cos E ( eS “) | (110) 
— zx 
€z = €2 COS E (: — =) | ae a} (Alc) 
H,=0 (11d) 
Hoes = oad © x *&.008}|  («- *)] +o} (11e) 


ML 
1, = VE = VE, 03[0(¢-2)] (lis) 


in which w = 2rf. Then w[t — (x/v)] = wt — 2ra/d. 

In the general form the loci of the vectors € and # are ellipses, so that the plane wave 
above is said to be elliptically polarized. If ¢y = €, and 6, = 1/2 or 37/2 the ellipse reduces 
to a circle and the wave is said to be circularly polarized. 

If either €, or € is zero, or if 5, = 0 or 7, the ellipse reduces to a straight line, in which 
case the wave is called a plane-polarized wave. The electric energy per meter® of such a 
wave at any point in the field is Ke?/2, and the magnetic energy per meter’ is wH?/2. 
It follows that for a progressive plane-polarized wave at every point the total energy is 
always half electric and half magnetic, but its value varies, of course, with position and 
time. The total energy (W) of the field is 


W=WetWn=Kf f fear (12) 


where dr is an element of volume. The average energy is W; = Ke?/2, and the average 
rate at which energy passes through a meter? in the YZ plane is 


lip kee 
Pa=s5 NES ey? (18) 
2 le 
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28. FIELDS DUE TO A CURRENT IN A WIRE 


If a current 7 flows in a short length of wire (see Fig. 1) located in free space and assumed 
at the origin of coordinates and coincident with the z axis, the fields at any point P(z, y, 2) 
are 


oa gee Ge 
Zee inn (148) 
e=-% +S (14c) 
Hz = _ (ies) 
Olas = Ce 
H,=0 (14f) 


where w = ‘di t— ‘); in this expression d is the distance from the origin to the point, 
v 


and F\(#) expresses the distribution of charge in the wire, so that F(é) = 761, where 4 is 
the length of the wire (assuming uniform current for the differential length 62). 

If the current is assumed sinusoidal, so that 1 = V/2I sin (wt + 90°) amperes, at any 
point distant from the wire (so that d > /2z), the fields are 


Edcbac Field Solisait © ~ Goan eee em Pelaiperiastar |) (isa) 
Neqstic Pall dingy = SORES Geos Ct = 0 Spee perme 15) 


where @ is the angle of elevation of the point P from a plane perpendicular to the wire. 

All lengths are expressed in meters. 
The direction of the electric field is perpendicular to d and in the plane formed by d 
and the axis of the wire. The magnetic field is perpendicular to d and the electric field. 
Such an elementary wire is called an electric doublet. The fields due to a long length 
of wire / can be obtained by integration of the elementary length (see Antennas, Section 6.) 
The average rate of flow of energy per square meter through 

P an area perpendicular to d is (in watts) 
a 3807/2]? 


= 2 
6 Pa X22 008 6 (16) 


: and the total power radiated (in watts) is 
Fie. 1. El ti Radi- 
ani CRATE an) 


The radiated power for a given current varies directly as 1/2 or as the square of the 
frequency. For a given total charge, or a given voltage difference between the ends of the 
antenna, the radiated power varies as 1/\‘ or as the fourth power of the frequency. 


29. REFLECTION AND REFRACTION 


Whenever an electromagnetic wave meets a boundary between two media of different 
dielectric or magnetic properties, there is a change in the fields and frequently the wave 
splits into two waves, one of which is reflected back into the first medium, the other is 
refracted into the second medium. 

CONDITIONS AT THE BOUNDARY. The following proposition is assumed: In two 
media, the components of the electric (or magnetic) intensity tangent to the surface sepa- 
rating those media are equal (in magnitude and direction) at this surface. It follows from 
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this that the normal component (wy) of the total current density is the same on both sides 
of the surface, that is, wy = wey, or for insulating media 


Dy = Diy (18) 
Similarly 
By = Boy (19) 
The general expression for a plane wave as far as € is concerned is: 
= Pp 
Ez = €2 COSw (: = ?) (20a) 
oe eee Pp 
€y = Ey COs E (: — a) + | (20b) 


Ez = €z COs [ (: - ?) + 6 | (20e) 


where 4, and 6, are constants and éz is the maximum value of the X component of &. 
TWO ISOTROPIC DIELECTRICS. Consider two media separated by a plane sur- 
face, and assume that a plane wave in medium 1 impinges on this surface (see Fig. 2). 
Assume that the total electric intensity © in the first medium is composed of two parts 
€; and ©&;; then 
€= & + &; (21) 


€; will be called the incident wave (see also p. 5-23) and &£’; the reflected wave; €'; will have 
components similar to those of eq. (20) denoted by primes. Note that, p’; being undeter- 
mined, what is called the reflected wave is not restricted to travel in a direction directly 
opposite the incident wave, as is 
the case on transmission lines. Yi 
Assume that the resultant elec- 
tric intensity in the second medium 
is €, called the refracted wave, 
with similar components identified 
by the subscript 2. 
Applying Maxwell’s equations 
at the boundary, Bi = 8/10, = 
Bove or w = w’; = we, so that all 
waves have the same frequency. 
Also the incident, reflected, and +2 
refracted waves all have wave nor- =¥. Origin is at.O 
mals (perpendiculars to the wave Fia. 2. Wave Normals 
front) inthesame plane. Similarly 
if ¢ is the angle between the wave normal and the normal to the boundary then ¢i = ¢/1, 
or the angle of incidence is equal to the angle of reflection. Also 


ea — Axis 


“ Normal to 
Interface Between 
Two Media 


Refracted 
Wave Normal 


Reflected 
- Wave Normal 


Normal to Wave Front 
of Incident Wave, or 
Incident Waye Normal 


sings _% _ | _ Vioks 

sin gd. 22 V miK1 
where 7 is the relative index of refraction of medium 2 with respect to medium 1. 
The magnetic intensities of the various waves are, in magnitude (from Maxwell’s 


equations), MH; = V Ki/me1, 41 = V Ki/me1, and H2 = V Ko/p2&. All these are vectors 
in the wave fronts such that £, Hj, and p; are mutually perpendicular in such orientation 
that rotation from & to H; (through the smaller angle) would move a right-handed screw 
in the direction of p. 

* Normal Components. It is convenient to split the electric and magnetic intensities into 
two components, one normal to the plane of incidence (not the interface between the media) 
and one in the plane of incidence. Maxwell’s equations apply to each separately, since 
the equations are assumed linear (there has been some indication, the intermodulation of 
waves in space, that the equations are not entirely linear). The normal components, at 


the interface in terms of the incident wave, are 


(22) 


e/1N i €1N Vente cos di V u2Ki — cos $2 VmnKe (23a) 
Ein &in —— cos dr V w2Ki + cos do V Ka 
EAN BN yy ec POOR Ve (23b) 


E1N SNe cos di V poKi + cos dz V miKe 
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Since cos ¢2 = V1 — sin? d2 and since sin ¢i/sin ¢2 = 7 (the index of refraction), then 
cos ¢2 = V1 — sin? ¢i/n. Hence, if sin ¢1 > 7, cos ¢2 will be imaginary. This is the case 
of total reflection (see below). The angle of incidence for which sin ¢: = 7 is called the 
critical angle. 

Parallel Components. The parallel components at the interface, in terms of the inci- 
dent wave, are 


yp SBE psy cos ¢1 V1K2 — cos do V 2K 
= == /S. Pp = (24a) 
€1P €1P cos di V Ko + cos do V wok 
2P _ GP 15> 2 2 cos di V wok (24b) 
e1P €1P cos di V Ke + cos d2 V u2K, 


Case of Total Reflection. If cos ¢2 is imaginary let cos ¢d2 = jn, where m is the absolute 
value of the imaginary. Substituting this in eqs. (23) and (24), the normal components are 


€1N _ €1N hay ees d1 Viki — jm V Ke 
ae a ed 1 — ———— 
f1N E1N cos 1 V u2Ki + jm V in Ke 
=o ke fansite SOEs ee (25) 


cos ¢y V/ pokKy 


and the parallel components are 


1p £7 e©1P 5’ - cos ¢1 V Ke — jm V Ky 
SE a ou 
up fale cos ¢: V u1Ko + jre V Ki 
Refracted a/ 
n K 
Beam =o tens! (26) 
cos $1 V Ko 
There is a disturbance in the second medium but no 
ds'=ds energy is transmitted, so that the wave is said to be 
1 1 
totally reflected. 
dsj ds, Energy Relations. To compare the energy in the 
Reflected Incident incident, reflected, and refracted waves determine the 
Beam +2 Beam ate at which energy is delivered by the incident wave 


to a certain area of the surface separating the two media, 
and the rates at which it leaves this area in the reflected 
and refracted waves (see Fig. 3). 


Fie. 3._ For Use in Determining 
Energy Relationships 


The respective energies are 


, [K Ky 
Incident beam: cos ¢; dS “ ef = Nes edS8; (27a) 
1 1 
K, 
Reflected beam: cos ¢; dS V2 e;? = No e/7dSy (27b) 
1 1 
K: 
Refracted beam: cos ¢: dS \J— e,? = Ne oon &°dS1 (27c) 
He M1 COS 1 


The ratio of reflected to incident energy is ¢/:7/€1”, and of refracted to the incident energy 


Os K £2 \2 
COS IPI Ena (2) , where the €’s are evaluated at the interface. 
cos ¢i Y¥ Kipe 


energy is 
e1 


Rotation of Plane of Polarization. If the incident wave is a plane-polarized wave, and 
the plane of polarization (which contains H; and hence is perpendicular to £;) makes an 
angle 4, with the plane of incidence, then the angle between the plane of polarization and 
the plane of incidence of the reflected wave (6/1) is 


ah st cos (fi + $2) 
tan 6; = — tan 4; ae Ee (28) 
and for the reflected wave 
tan #, = ai de 64 
> cos ($1 — 2) Gy 


When 0 < 0 < 7/2, the plane of polarization of the reflected wave is rotated toward the 
plane of incidence, while that of the refracted wave is rotated away from the plane of 
incidence. 
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CASE OF A CONDUCTING MEDIUM. If a medium is conducting, its conductivity 
is not zero, and by Maxwell’s first equation (p. 5-50). 


K 
yet ae = curl H (30) 


where all quantities are in mks units. Assuming & to be a harmonic function, it can be 
written € = f (xyz) e7et and d&/dt = jwt. Hence eq. (30) becomes 


ai ie K) C8 tite (31) 
) ot 


This equation is similar to that for a dielectric, the only difference mathematically being 
that the coefficient of d#/dt is the constant AK, whereas in eq. (31) it is the constant 
K — jy/w. Hence all results obtained for insulating media are applicable to a conducting 
medium provided the K used in the former case is replaced by K — jy/w. 

If € = ge %¢e/ wt Bx), which is a damped plane wave propagated in the X direction 
with velocity w/8 and attenuation @ per unit length, then for this to be a solution of 


ea (iu - 5%) e = a (32) 


Ox? 


(wave equation, all parameters are those of the conducting medium) it is necessary that 
a = 2uyv. For good conductors y is large, hence a@ is large and the wave is highly atten- 
uated—good conductors are poor transmitters of electromagnetic waves. Indeed, a 
perfect conductor (y = ©) will not transmit. These results hold for wavelengths not 
near the visible-light range when the conductor (called in this case a reflector) is an ordi- 
nary metal. 

REFLECTION FROM A CONDUCTOR. If a wave traveling through an insulating 
medium (1) strikes the (plane) interface of an adjacent uniform conducting medium (2) 
all the results previously obtained for the case of two insulating media are applicable 
provided K2 is replaced by K’, — jy/w, where K’: now represents the dielectric constant 
of the conducting medium. Assuming directions shown in Fig. 2, a plane wave in the 
insulating medium produces in the conducting medium a wave 


&p = Epe@ellwt— B’2(x sin $’2—2 cos $2) + 52] (33) 


where a@ is a positive real quantity (z is negative so the wave is damped) and w, B’2, $/2, 
and 6 are all real. The quantity w is 27f where f is the frequency of the incident wave, 
and v2, the velocity of the wave in the conducting medium, is w/8’2. Furthermore, 
B’, = 2m/)2, where X’2 is the wavelength of the wave, and 
; : 
fata SO (34) 
% Bi sin $’2 

is the refractive index of medium 2 with respect to medium 1. The various quantities 
a, B’z, sin $’2, cos $’2, v’2, and 7’ are all functions of the angle of incidence $1. It is customary, 
when not otherwise specified, to assume that quoted values of a, B’2, v2, and 7’ are for 
normal incidence (¢; = 0). To compute these quantities for any angle of incidence, 
the following procedure may be used (K is written for K’z and subscript N refers to normal 
incidence; 7’ to 27/w). Calculate or measure 


VK + VK? 4+ 4/77? 


, 


TEN oe ae 
V 2K, 
_*.Vjetyeon VV Een 
nwila/ > ‘ Bi V2K, 


Then 7’ can be found from 


(n” — sin? $1) (x - = Nv (2 ay 


and v’2, B’2, and ¢’2 follow from eq. (34). The ipa are of importance: 
nN = VK", only when v7 is small and K; = 1 
nn = VyT/Ki when yT > 1 
ayn = wV nn? — K*, 
a = 7/Bi = 207’/ when yT > 1 
nn > 1 and ay = wyy when yT > 1 
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The ratio of energy reflected from to energy incident upon the interface per unit time is 


e— (2/VyT cos ¢1) for yT large. 


As y approaches ©, this ratio approaches unity, showing that good conductors are good 
reflectors. For normal incidence (¢; = 0) it becomes 


1 — 2V Ki/yT 


and in general, assuming pw = pe, it is 


(m1 — 7/n2)® + (a/B1)? 
(m1 + 7’m2)? + (a/ 1)? 


It may be noted that in a conducting medium neither the electric nor the magnetic 
vector lies in the wave front. 

The preceding discussion has assumed K’, a constant, whereas it is sometimes necessary 
(e.g., in Heaviside layer studies) to consider K’z and other quantities as varying. 
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ELECTROMECHANICAL SYSTEMS 


By Knox MclIlwain 


Vibrations in one dimension occur frequently in systems made up of solid elements, such 
as a spring suspension, a pendulum, or a rocking lever. They occur occasionally in fluids, 
an example being the transmission of sound through a long narrow tube. Alternating 
electric currents in short wires will be shown to be similar analytically to unidimensional 
mechanical vibrations. Also devices are in common usage (microphones, speakers, etc.) 
which convert any of these forms of vibration into any other. 

Because of the analytical similarity of the three forms of vibration, mathematical 
results obtained in one field may be used in solving problems in the other fields. The 
mathematics involved, such as the complex notation, has been applied more generally to 
the electrical problem than to the others, but once the analytical similarity is established 
advances in one field are immediately applicable to the others. 

As a first approximation all the parameters are considered constants. This is reasonably 
true in many electrical circuits but is not generally so in mechanical systems. However, 

the variations for small displacements and ve- 

locities such as occur in mechanical systems used 

Cc in acoustics are usually negligible. The methods 

of attack available when the variation of param- 

Eacibdur L eters must be considered are given in articles 

‘osition of s 

dM, dM. 16-24. 

DEFINITIONS. The number of independent 

Equilibrium ib variables required completely to specify the 

gs Position of motion of every part of a vibrating system is a 

} " ; measure of the number of degrees of freedom of 

(a) Sail ae (b) ppc sey System the system. When only one variable is needed 

hence aa the system is said to have one degree of free- 

of (a) + dom; examples of such systems are (Fig. 1): a 

Fie. 1. Electrical and Mechanical Systems piston moving in a cylinder, a weight hanging 

of One Degree of Freedom from a spring, cylinder rolling on a plane surface 

(no slipping). Systems of two or more degrees 

of freedom are exemplified by an automobile moving on a plane (two degrees if no skid- 

ding, three if skidding occurs), a balloon (three degrees if there is no spinning of the 

balloon), an airplane (six degrees if rotation is considered), a set of weights connected 

by springs in series (Fig. 2) which has as many degrees of freedom as there are springs; 

continuous vibrating systems (waves traveling along a long spring or stretched string) 
have an infinite number of degrees of freedom. 


Support 
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Consider a system of one degree of freedom (Fig. 1), and let the displacement coordinate 
be chosen to measure the distance from the center of the mass M to the equilibrium posi- 
tion. Consider that the spring has mass. The velocity of any given elementary mass of 
the system will then be proportional to ds/dt(= 8), so that the kinetic energy of this 
elementary mass dm will be 1/2 k18’dmm, where k; is a constant dependent on the position 
of the mass. Likewise the kinetic energy of any other elementary mass dm will be 
1/2 k28"dme, etc., and the total kinetic energy 7’ of the system will be the sum of these, or 


T = Ma fin dm, = 1/2 2 fs dm (1) 
where the integration is to extend over the entire mass composing the system. But 
J ky dm = mm (2) 


where mm is a constant, called the generulized mass. Note that the value of mm depends 
on the k’s, which in turn depend on the choice of the measure of displacement. This 


Cy. 
E 
Ly - Cp 
ry 
(b) 


Fic. 2. Mechanical System of Two Degrees of Freedom and Electrical Equivalent 


choice is largely arbitrary, and the particular one here chosen may not be the most con- 
venient. The factors entering the problem which depend on this arbitrary choice are 
termed generalized. Thus § is a generalized velocity of the system; in this case it is the 
actual velocity of the mass M, but need not be. On the other hand, mm is not the actual 
mass of the system but might be made so with a proper choice of s, the generalized dis- 
placement. i ite: avad 
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LINEAR MOTION. The kinetic energy of a mechanical system of one degree of 


freedom in linear motion is 
T = 3fomns '(3) 


where m» is the generalized mass of the system and s is the generalized velocity. The 
generalized mass can be defined as the quotient of the kinetic energy 7 of the system 
divided by the square of the generalized velocity. 

The potential energy V of the system is a function of the displacement of the various 
parts of the system; it is independent of velocity, acceleration, etc., and. in a system of 
one degree of freedom, since the displacements of the various parts are-all proportional 
to the generalized displacement s, the potential energy V is a function of s only, that is 


V = V(s) (4) 
This can be expanded in a Taylor’s series: 
OV 3? PV 
V=Vort+s “|, =o + etc. 1 ©) 


where Vo is the value of V when s = 0, and the subscript 0 indicates that derivatives are 
to be evaluated at s = 0. Since potential energy can be measured from any arbitrary 
level, Vo may be taken as zero without loss of generality. Furthermore, in vibrating sys- 
tems the generalized displacement may be so chosen that s = 0 for equilibrium; then, since 
0V/ds = 0 for equilibrium, the second term on the right-hand side of eq. (5) drops out. 
Making the further assumption that terms containing higher powers of s than the second are 
negligible in eq. (5), V reduces to 


Vi=t— . (6) 
F 1 eV 
where Cm is a constant (+ Poe 


stiffness. It will be shown later that eq. (6) is equivalent to assuming that the restoring 
forces.of the system obey Hooke’s law. 


| ). Cm is called the compliance; its reciprocal, the 
0 
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If there is dissipation (heat) in the mechanical system, assume that the rate of energy 
issipation D is 
soap D = rms? (7) 
where 7m is a constant. ' 

In many mechanical systems, particularly those concerned with the small motions usual 
in acoustic work, this is practically true; it is equivalent, as shown below, to assuming 
that the retarding frictional force is proportional to velocity, and for small motions this 
is approximately true of air friction. r, is called mechanical resistance. If it is not a 
constant, that is, if D is not proportional to 8?, but depends on higher powers of 8 as well, 
the equations cease to be linear and the methods of articles 16-20 must be used. 

ROTATIONAL MOTION. The kinetic energy of a mechanical system of one degree 
of freedom in rotational motion is 

T = V/ol¢? (8) 


where J is the moment of inertia of the system, ¢ the angular displacement in radians, 
and ¢ the angular velocity in radians per second. 
The potential energy is o 
1 
V == 9 
2G, (9) 
where the same assumptions regarding higher powers of ¢ are made as in the case of 
linear motion. 
Likewise the dissipation is assumed as 


Durie (10) 
where 7, is a constant. 
ELECTRIC CURRENTS. The stored energy in an inductance Z in an electrical 
circuit is (cf. eq. [3]) 
T = Vp? = l/l? (11) 


where i(= dq/dt = q) is the current in the electric circuit, and q is the charge. This is 
often called the kinetic energy of the electrical circuit. 
The energy in a condenser C is (ef. eq. [6]) 


1¢ 
= 36 C2 
The rate of energy dissipation in an electrical circuit is (cf. eq. [7]) 
D= ri (13) 


where 7 is the resistance of the circuit. 


31. VIBRATIONS OF A SYSTEM OF ONE DEGREE OF FREEDOM 


LINEAR MOTION. Ifa mechanical system of one degree of freedom is in a condition 
of stable vibration its gains and losses of energy must be equal. Hence the increase in 
kinetic and potential energy added to the energy dissipated must equal the work done, or 


1omms? + 8?/2Cm + i Tme dt = fs (14) 


where fs, the product of force and distance, is the work done on the system. The rate of 
change of energy is 


Mm + fms + 3/Cm =f (15) 


Equation (15) is an equation in forces; that is, each term has the dimensions of a force. 
The first term, m3, represents the usual inertial force due to the motion of the system; the 
second term, rm8, represents a retarding force, proportional to the velocity of the system— 
this for small displacements and velocities represents approximately air friction, etc.; the 
third term, s/Cm, represents a force within the system proportional to the displacement. 
This last force is usually a restoring force, for example, the restoring force of a spring. 
Since this force is proportional to the displacement, Hooke’s law (that the stress is equal 
to the strain) applies. Any internal force, such as the restoring force accompanying the 
straining of any part of the mechanical system, so long as the part is not stretched beyond 
the elastic limit, that is, so long as the restoring force is proportional to the displacement, 
contributes a term of the form s/Cm. On the other hand, if, instead of a restoring force, 
the term s/C were to represent a force proportional to the displacement, but tending not 
to restore the system to its equilibrium position but to displace the system further, then 
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Cm would be intrinsically negative. There is no simple analog in a passive electric circuit 
to this negative C,, which sometimes appears in mechanical systems. A ‘‘negative con- 
denser” must be used, such as can be obtained in vacuum-tube circuits. 

Equation (15) would be the equation of the system of Fig. 1, if the force were applied 
to the mass M and if s were measured from the equilibrium position. The force f is a 
function of ¢; it can be expanded in a Fourier series (see article 2) and each component of 
Form F./' treated separately. If s = s,J#! then 


; 1 F 
s| rn + jomm + ae => (16) 
JOC m Jw 

and s = F/jwZzm, where Zm = Tm + jwomm + 1/jwCm is called the vector mechanical imped- 
ance of the mechanical system. The real part of zm is the mechanical resistance; the 
imaginary part is the mechanical reactance. If $ were determined instead of s, assuming 
§ = $J¢!, then $ = F/Zm. This is identical in form with the usual equation for a sine-wave 
current in an electric circuit. 

ROTATIONAL MOTION. The above analysis can be applied to rotational motion 
if torque is substituted for force. Thus 

A dé. 
jess dt 8 
etal CG L (17) 

so that @ = L/z, where z = 7, + jlwI — (1/wC,)] is called the vector rotational impedance 
of the system. 


32. COMPARISON OF MECHANICAL AND ELECTRICAL SYSTEMS 


UNITS. The analogy developed above between the equations of mechanical systems 
and electric circuits must not be interpreted to mean that there is any actual similarity or 
analogy between quantities occupying the same position in their respective equations. 
The inertia of the electric circuit and the mass of the mechanical system though appearing 
in the same place in the differential equation are otherwise quite diverse. Perhaps the 
difference is most convincingly shown by the fact that the analogous quantities current 


and velocity have different dimensions, current having the dimensions “pp in the 
practical electric system whereas the dimensions of velocity are LT, 

If this difference is kept in mind and it is remembered that the analogy is merely a 
formal one, representing the similarity of the differential equations expressing the be- 
havior of the several systems, it is convenient to draw analogies between all quantities 
of the several systems. A list of these is given in Table 1. Any system of units may be 
used in any of the equations; only the cgs mechanical systems and the practical system 
for the electric circuit are shown in Table 1 on p. 5-60. 

When energy equations are written in the two systems the dimensions of the equations 
must of course be identical, since the dimensions of energy are fixed. The usual current- 
electromotive force equation, however, does not have the same dimensions as a mechani- 
cal force-velocity equation. Nevertheless it is perfectly proper to set up electric circuits 
which are equivalent to mechanical systems, or vice versa, use the ordinary electric mesh 
equations to obtain a solution, and use this solution to specify the proper constants for 
either or both systems. The validity of this procedure depends on the fact that the solu- 
tion of the differential equations is independent of the meaning attached to the symbols. 

SYSTEMS OF MANY DEGREES OF FREEDOM. The extension of the analogy 
between electrical and mechanical systems to more than one degree of freedom, and the 
analysis of such systems which contain both electrical and mechanical portions, are most 
readily accomplished by the application of Lagrange’s principle. In the application of 
this principle the energy equations for the whole system are first written down, in terms 
of measurements from an equilibrium position. Lagrange’s equation that 

adoT oa(r—YV) 4 yD) 


dt On 0q1 2 on na, 


A (18) 


is applied for each independent coordinate (each g needed in writing the energy equations). 

ELECTRICAL CIRCUITS EQUIVALENT TO MECHANICAL SYSTEMS. If the 
energy equations of two systems can be thrown into the same form then the solutions 
of the two systems must be identical. The same applies to the differential equations, or 
to the resulting mesh equations, but in general the similarity of the systems can be estab- 
lished more readily by use of the energy equations. 
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Table 1. Analogous Quantities in Linear and Rotational Mechanical Systems and 
Electric Circuits 


The cgs units and practical electrical units are used. 


Linear Morion RorationaL Motion Exsctrric Circuit 
. , Sym- A ; Sym- 5 : Sym- 
Quantity Unit Pol Quantity Unit Dol Quantity Unit Pol 
Morcenacvse aie dyne fe Wborquenry-t). dyne cm L | Electromo- volt e 
tive force. . 
Displacement: cm s | Angular radian ¢ |Charge..... coulomb} gq 
displacement 
Velocity..... cms 8 Angular radian ¢ | Current....| ampere t 
RAG velocity.... Be 
Mass..... --| gram mm | Moment of gram cm? I | Inductance..| henry L 
inertia..... 
Linear... ...:.- cms Rotational radians C, | Capacitance | farad Cc 
compliance] dyne Cm compliance . dyne cm 
Mechanical dyne sec | Tm ? dyne cm sec tr | Resistance..| ohm rp 
resistance..|~ om a Tree 
mech.ohm TESIBLANCE-- «| otational ohm 
Mechanical ohm Zm | Rotational ohm zy | Reactance..| ohm z 
reactance. . : reactance... 
Mechanical ohm Zm | Rotational ohm zr | Impedance ohm z 
impedance. impedance. . 
(POWe? as oer ergs Powers. - sr ergs P, | Power...... watts P. 
Bec m Bec 


The rules for establishing the equivalence of an electric circuit with a mechanical 
system are therefore: 

1. Write the equations for the kinetic energy, the potential energy, and the dissipation 
of the mechanical system. 

2. There will be an electric mesh for each independent generalized coordinate. 

3. Any parameter which appears in an energy equation multiplied only by the square 
of one generalized coordinate is a part of the corresponding electric mesh, and is not 
common to any other mesh. 

4, Any parameter which appears multiplied by the difference of two generalized coordi- 
nates will be common to the corresponding electric meshes. 

5. Any parameter which appears multiplied by the product of two generalized velocities 
may be represented by a mutual inductance between the corresponding electric meshes. 

6. If parameters appear in the energy equations multiplied by any other combinations 
of the generalized coordinates, new coordinates should be chosen in an attempt to eliminate 
them. If this is impossible * there is no one-to-one (parameter-to-parameter) equivalent 
circuit. 

To illustrate the method two examples will be worked out. 

In the mechanical system shown in Fig. 2(a) assume that the masses M, and M2 are 
resting on a plane surface whose frictional force is proportional to velocity. Let s; and se 
be the changes in s’; and 8’, from the equilibrium position. Then 


T = 1/2My8,? + 1/2M2(s + 82)? 


and ~ 
‘D = rmis® + rm2(81 + 82)? 


* Such cases will not be frequent. When encountered it is best to write force equations and attempt 
to obtain circuits which will represent the mechanical system by allowing electrical parameters to 
represent combinations of mechanical constants; for example, Le =.2m2 + m or C3 = Cmi — Cm4 
+ Cms3 might be required. In many such cases the utility of the method is doubtful. 
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The equations for T and D both contain a parameter multiplied by the sum of two gen- 
eralized velocities squared, for which no electrical equivalent is given in the usual simple 
rules for independent meshes. These equations may be altered in two ways; first, the 
direction in which s’, (or s’;) is measured may be changed; or second, new s’s may be chosen. 
Tf the first alternative is employed 

T = 1/gMy8,2 + 1/2M2(s1 — 82)? 
V is unchanged and 

D = rmisi? + Tm2(81 — 82)? 
The equivalent electrical circuit is shown, in which L;} = My, Le = Mo, 11 = Tmi, 72 = Tm 
C, = Cm and C2 = Cm. That is, in the electrical circuit 1 henry of inductance is specified 
for each gram of mass in the mechanical system, 1 farad of capacitance for each centi- 
meter/dyne of compliance, etc. 


r2 


Li ee 


Fia. 3. Same Mechanical System as Fig. 2 and Alternate Electrical Equivalent 


If the second alternative is chosen the sketch of Fig. 3 would represent the conditions. 
Here 
- 1/oMy 8:2 ate 1/9M28.? 
Ve- 1 esiy rs 1 (se — 81)? 
2 Cx 2 (6 
and 
D = rms? + rm282 
The corresponding electric circuit is shown. 

It is thus possible to have more than one equivalent electric circuit for a given mechan- 
ical system, depending on the choice of independent variables for the mechanical system. 
Casual examination of the electric circuits reveals them as equivalent, in that although 
the mesh currents differ the current through any element would be the same. 


Fia. 4. Mechanical System of Four Degrees of Freedom and Electrical Low-pass Filter 


In the mechanical system shown in Fig. 4 first assume that the displacements are 
lee between masses, as in Fig. 2. The energy equations are 
= 1/2My8, + 1/2M2(81 + 8)? + 1/2M3(81 + 82 + 83)? + 1/2Ma(si + 82 + 83 + 84) 
1 si? 1 S82" 1 83" 1 se 
ae Oia 2 Gah ad ZOm4 
and . ° ° e ° e ° e . 
D = Tis? + rmo(81 + $2)? + 1m3(si + 82 + 83)? + Tma(Si + S2 + 83 + 84)? 
In this case it is impossible to throw the equations into the usual mesh equation form by 
changing the direction of measurement of one or more of the variables, so the variables 
must be changed if the convenience of the mesh equation technique is to be utilized. If 


the system used in Fig. 3 is assumed 
= 1/9M48,2 + 1/oMo8:? + 1/2M38s? + 1/2Mas? 
sia 1 (so'— si)? , 1 (ss — 82)? | 1 (84 — 83)? 
= —-— ———E = 4 OS 
Vv 2 Cm +5 Cm : 2 Cm 2 Cm 
and ° e ° e 
D = rms? + rm28o® + Tms83* + Tms8e 


The equivalent electric circuit is a low-pass filter as shown. 
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33. ELECTROMECHANICAL-ACOUSTIC SYSTEMS 


Many vibrating systems consist of combinations of two or more of the separate energy 
systems discussed above. Examples of such combinations are electrically controlled vi- 
brating reeds and tuning forks, microphones and speakers of all varieties, fluid-type auto- 
mobile stabilizers, and almost all musical instruments. 

In such systems energy is converted from one form to another within the system. The 
methods of converting energy are many, so that the forms of the interaction between the 
different portions of the system are many, but the same general method of determining 
the force equations that was used for homogeneous systems can be applied. 

The energy of each portion of the system should be set up exactly as for a homogeneous 
system in terms of the constants of the particular portion. Some of these constants will 
be functions of the velocity or displacement, etc., of some other portion of the system, 
and these must be so specified. Then the ‘‘force’’ equations may be obtained directly by 
means of Lagrange’s equation, and from these the mesh equations may be written. These 
mesh equations will not usually be of the same dimensions, but this fact may be disregarded 
since the interaction factors between the equations will be such that when the equations 
are solved simultaneously these differences will be automatically compensated. One set 
of self-consistent units is shown in Table 2. Several particular cases will be developed 
to show the operation of the method. ; 

ELECTROMECHANICAL SYSTEMS, ELECTROSTATICALLY COUPLED. Con- 
sider a system consisting of two metal plates, one fixed and immovable, the other held in 
position by a spring (cf. Fig. 5) and resting on a rough surface. An electric circuit con- 
nected between the two plates contains an inductance, a resistance, and a source of voltage. 


Equilibrium. 
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Fig. 5. Electromechanical System, Electrostatically Coupled 


The potential energy V,, stored in the spring (measuring energy from its value at the 
equilibrium position, when the electric charge is zero) is 


bo 


_ls 
eo 
where Cm is the compliance of the spring and s is the distance the spring is stretched by 
moving the movable plate toward the fixed plate. 

The potential energy V, stored in the condenser is 


Vn 


De DCN ame 
where gq is the charge on the condenser and C its capacitance. The value of C is 
» kS CG! 
* 4m(so — 82) Fs So — S2 


where k is the dielectric constant, S the cross-section of the plates, and (sy — s) the distance 
between them. 


The kinetic energy of the system is 


where m is the generalized mass of the movable plate and spring together and L is the 
inductance of the electrical system. The dissipation of the system is 


D = rms? + ri 
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The force equations may be obtained by applying Lagrange’s equations to these energy 
equations; they are 


* 82 ¢ 
2 + C,, > 20? + Tms: = f 
and ig 
1) So 
ere Wloka 0 


Assuming that q can be split into a steady or average part go and a varying part q and 
that q, is considerably smaller than qo, so that squares of q: are negligible, 


— @F _ _ (ae + 2q0m + au”) 
2Olr ih 20 ines 

The first term on the right-hand side of this equation represents a steady pull or initial 

set of the eer accompanying the initial charge on the condenser. The second term 


reduces to — > qi, and the third term is negligible by assumption. Neglecting the steady 
terms the force equations become 
5 So 
msz + oe - a + tae = fo (194) 
p@ 
be aa ak rhe €1 (19d) 


which for steady-state sine waves may be written in the familiar mesh equation form 

F2 = 22282 + Zul; (20a) 

Ey = 282 + zuh (206) 
where mesh 2 represents the mechanical and mesh 1 the electrical system. 2 and 22 
are the usual mechanical and electrical impedances and F2 and £; the respective ‘‘forces.”’ 
Zi2 = — Qo/jwC’ = ~ 1/jwC\2 is the interaction factor. The dimensions of 1/Ciz are such 
that multiplication of it by a charge gives a quantity with the dimensions of a force, 
while multiplication of it by a distance or length produces a quantity with the dimensions 
of an electromotive force.* It is energy divided by distance and charge, and its use 
is valid for any system of electrical units in combination with any system of mechanical 
units provided those units were used in evaluating 21. 

Equations (20) are then in proper form to use for any case of mechanical and electrical 
systems where the interaction between the two systems depends on varying the capacitance 
of the electrical circuit by the motion of a part of the mechanical system. 

ELECTROMECHANICAL SYSTEMS, MAGNETICALLY COUPLED. When the 
interaction between the electric and mechanical systems occurs through magnetic attrac- 
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Fia. 6. Electromechanical eC Lee Coupled 


tion the inductance of the electric circuit is varied by the mechanical motion. The energy 
equations for the system of Fig. 6 are (so is the equilibrium position) 


$2 
a ta DO) 

mse Lit 
oh ap 


and 
: 
D = rms? + ri® 


a SS ee eh ee ee eee 
* The factor 1/Cj2 has the dimensions of an electric field, although it is a rather unusual expression 
for such a field. 
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Here L, the self-inductance of the electric circuit, is a function of the displacement s9. 
Since most of the reluctance of the magnetic circuit is in the air gap rather than in the 
iron portions, L can be assumed to vary as the first power of s for small displacements, with 
little error. Hence 


L = Lo(1 + bse) 


where b is a constant depending on the configuration of the physical system and on the 
systems of units used. 


Applying Lagrange’s equations, the force equations for the system are 
bLo* So eee 


5) C,, 7" =f 


and 
Ch -° qd 
Lat bloat ott=ets 


Assuming that 7 is composed of a steady, or average, value % and a varying part %, and 
that 2% is considerably smaller than 7%, so that squares of 7 are negligible, 
bLo® _ bLo(to® + Qiotr + %1?) 


2 2 


The first term on the right-hand side again represents a steady pull or initial set of the 
plunger accompanying the average or d-c exciting current of the magnet. The second 
term reduces to — (bLoto)t1, and the third term is negligible by assumption. Disregarding 
the steady terms the force equations become 


mir + —~ — dLotots + tmin = fa (21a) 
™m™ 
and 
da ae i 
iE S POL gost rip = er (216) 
which for steady-state sine waves may be written 
Ey = 2h, + z282 (22a) 
Fy = 2nky + 2228 = — aioli + 20282 (226) 


where mesh 1 represents the electrical and mesh 2 the mechanical system, EF; and F2 
represent the respective “‘forces.”” In this case, however, the interaction factors are not 
equal, but zi2 = — 221. 
The solutions for current and velocity give 
E\222 — Fo2zy2 
qh = Sea oe 
211222 + 212’ 


and 
3 Foz + Ejay 


Z11Z22 + z12? 


indicating that, when a mechanical force is applied to the plunger in phase with an applied 
electromotive force, the velocity of the plunger is increased but the electric current is 
decreased. Analysis of the physical action also indicates 
this result since increase in the electromotive force attracts 
the plunger, but the inward motion of the plunger due to an 
applied force increases the inductance of the electric circuit 
and so decreases the current flow. 

These are the equations of a simple moving-armature 
telephone receiver such as that shown in Fig. 7, when eddy 
currents are neglected. The input impedance (z;) of the 
receiver is the ratio of Z; to 4, when there is no externally 
applied force (that is, when Fz = 0), hence 


z2" Fic. 7. Simple Telephone Re- 

2 = 21 + ae ceiver (No Eddy Currents) 
The blocked impedance of a receiver is defined as the impedance measured when the 
diaphragm is constrained from moving (diaphragm held at s = 0). The motional imped- 
ance is the difference between z; and the damped impedance; that is, it is that part of z; 
due to the motion of the diaphragm. Evidently for the simple receiver the damped im- 
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pedance is 21 (which is the impedance of the electric circuit considered alone) and the 
motional impedance Zmot, is 


4 IN}R, FS (23) 
22 


Since zy is a constant, independent of frequency by definition, it follows that, if the real 
part of zmot, (the resistance component of Zmot.) and corresponding values of the imaginary 
component (reactance component) be plotted for various frequencies, the resulting graph 
will be a circle, called the motional impedance circle, tangent to the j axis, with center on 
the positive real axis (see High-frequency Alternating Currents, McIlwain and Brainerd, 
John Wiley & Sons, Chapter XIII). 

MECHANICAL-ACOUSTIC SYSTEM. The simplest mechanical-fluid system is that 
where a plunger moves in a fluid displacing a volume of the fluid (see Fig. 8). 

The potential energy of a volume of fluid 
moving as a unit is 


N 
\ ay Ty = 2/op18¥ = 7 3 
N 
N 


mN where p is the density, J the length, S the 

Kae 8~Section, and my the mass of the fluid, and 

Fra. 8. Simple Mechanical-acoustic System § is the particle velocity. If the fluid is in- 

compressible, $ for the fluid will equal s, the 

velocity of the plunger, and my will be the actual mass of the fluid; if the fluid is compressi- 

ble § may still be taken as the velocity of the plunger but the generalized mass of the fluid 
will be less than the actual mass. The potential energy and dissipation are 


32 
Vy == 
sf 2Cy 
and 
Dy — rps? 
The total energy equations of the system are 
Rd s* 
Vos ee 
PX Opes 2Cy 
T = Mms? . mes? 


2 2 
and 
D =tme + rps 
where ry and Cy as well as my are generalized parameters. Operating with Lagrange’s 
equation there results 


1 1 
ye (+ ke a) 8+ (rm + mys + (tm + 7/8 (24) 


Thus this combination of a mechanical and an acoustic system can be represented by one 
equation with only one coordinate, instead of the two equations which might have been 
expected. Each parameter of the mechanical system has been altered by the presence 
of the acoustic chamber, and the resonance frequency has been lowered. 

Assuming sine-wave excitation, eq. (24) becomes 


Fm — Fy = [ rn + ry) +5 (om + wmy — = — ocr) |i 
or p 
Fim — Fy = Zmg8 
where 
‘ | Cr, 2 
2mf = (fm = ry)? a= (om + wm — cot) 
and 7 
wMm + wmy — Cm + Cy 
me & wO¢Cm 
Ome = tan 
Tm + TH 


The net result of the air chamber is thus to increase the resistance and inertial effect 
of the plunger but to decrease its compliance. In general both the magnitude and phase 
angle of the impedance are altered. 
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PASSIVE CIRCUIT ELEMENTS 


SINGLE-MESH AND COUPLED CIRCUITS 


By Vernon D. Landon and Knox Mcllwain 


The individual elements used in communication circuits must be carefully designed to 
meet certain definite specifications if the circuit as a whole is to function properly. Among 
the more important factors to be considered are the efficiency and load-carrying capacity 
of the element, its impedance, its selectivity, and the introduction of the various forms of 
distortion. 

Circuit requirements frequently demand not only that the transmission (ratio of output 
to input) have a particular value at a given frequency, but also that the variation of 
transmission with frequency, called the transmission-frequency characteristic, have a 
definite form. 


1. SERIES RESONANT CIRCUITS 


Figure 1 represents a series circuit in which the resistance of all the elements of the cir- 
cuit is lumped into one resistance 7, and similarly for the inductance and capacitance. For 
a given value of impressed voltage the current in this circuit depends on 7, L, and C, and 

the frequency of the impressed voltage. For given 


values of L and C there will be one frequency, and 
L only one, for which wl = 1/wC. At this frequency 
(f,), which is called the resonant frequency of the 
a circuit, the current is maximum for any given value 
C ° of voltage and is in phase with the impressed volt- 
es age. The resonant frequency is given by 


if 
Fic. 1. Simple Series Resonant Circuit = 1 
fr onV LC (1) 


where L is in henrys and C in farads. When L is expressed in millihenrys and C in micro- 
farads eq. (1) becomes: 


5033 
pace (1a) 
‘DG 
The absolute value of the current J, in the circuit at this frequency is 
E £E 
V6 => -—-— => — 
reas (2) 


A 1 
For frequencies less than f,, wl < oO and the current will lead the impressed voltage 


(8 is negative), whereas for frequencies greater than f, the current will lag the voltage 
(8 is positive, see Section 5, article 2). 

| In Fig. 2 are shown graphs of the absolute values of current versus frequency in a 
simple series circuit for two values of resistance. 

VOLTAGE RELATIONS. At the resonant frequency the magnitude of the impressed 
voltage is given by E = rI, and the voltages across the inductor and condenser are 
Ez, = 27f,LI and £, = sa . Since the only condition necessary for resonance is that 

f, 
the sum of the reactances is zero, either reactance may be many times as great as the 
circuit resistance; thus the voltage across the inductor, or the condenser, may be several 
hundred times the impressed voltage. Figure 3 shows how the voltage components in a 
circuit vary as the frequency is changed. 
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Fia. 3. Variation of Voltage Components with Frequency in a Simple Series Circuit 
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CIRCUIT Q. The per cent change in current from its maximum value for a given 
percentage frequency change depends on the relative values of r, L, and C. As a measure 
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Fia. 4. Values of a Universal Resonance Curve. 
Calculated from 


1 od i 
; 2+4 1+ j2a 
dies td leer 
1+ 
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since a/Q is quite small. For parallel circuits 
change ratio of currents to ratios of impedances 
and leading phase angles to lagging. 


of this change a factor Q is defined as wL/r. 
From this the voltage across the coil (or 
condenser) of a simple series circuit at re- 
sonance is 


(LE 
E, = anf = 


EQ (3) 
For a given value of inductance the circuit 
having the higher Q will have smaller r, will 
have higher resonance current in compari- 
son to current off resonance, will be repre- 
sented by a more sharply peaked current 
vs. frequency curve, and is said to be more 
sharply tuned. 

Universal Resonance Curve. Terman 
has shown that, when Q is constant (loss 
resistance proportional to frequency), the 
relation of resonant current to current off 
resonance for any circuit can be plotted in a 
universal resonance curve as shown in Fig. 4. 
If the ratio of the actual current and the 


_ current at resonance are known, the ordi- 


nate is established and therefore the two 
possible values of a. From these the re- 
quired deviation in frequency is determined 
from the relation 


Cycles off resonance 
a = Qs (4) 
Resonant frequency 
Conversely, if the deviation in frequency is 
known, a can be readily found and thence 
the rélative response. 


2. PARALLEL RESONANT CIRCUITS 


It is not so easy to define resonance in a parallel circuit. If the condition 2, = wl = 
— x22 = 1/wC is used, there results 
p= BO toe 5 
ri + 72 (5) 
and 
os ro 7 71 
= —— £ 
ner (6) 


so that as 7; and rz decrease r rises indefinitely and theoretically becomes infinite when 


the circuit resistance is zero. 
certainly the easiest to measure. 


If n= 


of the condenser) to 


However, x is not zero at the fre- 
quency f,, so that the current is not in phase with the voltage, nor 
is 2 a maximum. Either of these last conditions may be the 
important one, and the condition of z maximum (I minimum) is 
ro the three conditions 
coincide, and are but slightly different when 7; and r2 are small. 

In the particular important case of a coil and condenser in 
parallel (Fig. 5) these equations reduce (neglecting the resistance 


Fic. 5. Simple Parallel 
Resonant Circuit 


r=—, and z= — Na 
riC = C (7) 
and the frequency for which x = 0 is 
dit 1 (L — r720) 
fa) = oe Vine ae (8) 


Graphs of r, x, and Z for such a circuit are shown in Fig. 6. 


ATTENUATORS, PADS 6-05 


is a Bo een 
200,000 cal Tes ao Chins +40,000 


: C=0,0605 Mf é 
eels 180,400 w at 7994+ See. 

2 @ at 799 QS 
S 160,000 +20,000 
o wo 
: E 
eS to) 
o ' 
a 
£ 120,000 ) 8 
_ Cc 
a) Fi] 
4 oO 
oO o 
3 a 
c 
£ 80,000 —20,000 
Oo 
[:)) 
ce 

40,000 —40,000 

) —60,000 
500 600 700 800 900 1000 1100 1200 


Frequency in Cycles per Second 


Fia. 6. Variation of the Impedance of a Simple Parallel Circuit with Frequency 


Another case of particular interest exists when rz = rc = VL/C. Then for any 
frequency 


T= NL) C= 77 =o end. oO (9) 


Thus the apparené resistance is constant with frequency, and the apparent reactance is 
zero for all frequencies. 

TUNING. Although they are subject to the same limitations as regards controlling 
selectivity and frequency characteristic as the series resonant meshes, simple parallel 
tuned circuits are frequently used as coupling elements between vacuum tubes. When 
the circuit of Fig. 5 is adjusted for unity power factor, I, = Exz/(r? + xz”), In = 
E/V 7 + «17, I, = ErC/L, and z = L/rC. If the capacitance only is varied, unity power 
factor coincides with the condition of minimum line current and with maximum impedance. 

When the circuit is tuned by adjustment of the inductance this is not true, and in this 
ease full output is obtained for a slight detuning from the condition of minimum plate 
current. If the resistance remains constant the maximum impedance is 


2Qxer 


2.5 
V 472 + ac? — xa 


[ aa + xe 
~tL=rTfr 1 
V4 + xc? — xc 


whereas if the phase angle (xz/r) of the inductance remains constant the maximum im- 


pedance is z = VP + 272 21/7 which occurs when zz = 2¢. - 
(For further details see R. Lee, Proc. 1.R.H., Vol. 21, 271.) 


where 


3. ATTENUATORS, PADS 


Use of the concepts and equations of insertion loss (Section 5, article 7) permits the 
designs of definite elements (either dipoles or quadripoles) which may be inserted into 
circuits to produce definite effects at a given frequency. Such elements are called attenw- 
ator sections, or sometimes pads; more complicated sections which aim to provide a desired 
definite variation of loss with frequency are termed distortion correctors. or equalizers. 
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MATCHED IMPEDANCES. The simplest design occurs when it is desirable to have 
uniform loss at all frequencies, in which case the image impedances of the network must 
match those of the circuit into which it is inserted. By Thévenin’s theorem (p. 5-12) the 
circuit, no matter how complicated, can be reduced to a generator in series with a simple 
impedance on each side of the point of insertion. (See Figs. 7 and 8.) 

These impedances are designated by Z and z and their ratio by Z/z = s*. Hither T or 
a type sections may be utilized. The formulas are most useful for resistive networks. 
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Fic. 7. T Section Attenuator 


TSECTIONS. To design a T section (see Fig. 7) which causes a loss of n decibels, read 
off the current ratio (k) corresponding to such a loss in the decibel table, Section 1. Then 
the proper values for the arms of the T section are 


_ (L. + = 2k/s _ (1+ — 2ks % ( k ) 
um (CE) 2, v=( CeNis Z, and w= 2 Leave SZ 


When the impedances in either direction are equal, 


Z=z2z, then s=1 and u=v= 


For instance, to cause a loss of 3 db in a circuit where Z = z = 500 260°, k = 0.7080, 
wu =v = 85.5 260°, and w = 1420 260°. 

To design a balanced T or H section simply put 1/2 u and 1/9 v in each series leg. 

aw SECTIONS. The proper values for the arms of the 7m section of Fig. 8 are 


#=( 1-F yz v-(47*)2 ay oe 1-F 
oa Giessen 2" ee aig 
ks +k k eames 


When the impedances in either direction are equal, Z = z, then s = 1 and u = w = 


yen 
HE per ete shh 


mi 


Fic. 8. 7 Section Attenuator 


Tabular aids in computing such sections and rules for other types of sections are given 
by McElroy (Proc. I.R.E., Vol. 23, 213 [March 1935]). 

NON-MATCHED IMPEDANCES. When the impedance variation with frequency 
of the terminating circuits is such that it cannot be duplicated in a simple network, the 
insertion loss of the network at any frequency can be obtained by the methods of Section 
5, article 8. Exact methods of design of sections to insure a predetermined variation of 
loss (and phase change) with frequency are given by Mead (B.S.T.J., Vol. 7, 195), 


eat aed ., Vol. 7, 438) and Gewertz (Network Synthesis, Williams and Wilkins 
0. ; 


4, COUPLED CIRCUITS 
Two electric meshes are said to be coupled to each other when they have an impedance 


in common, so that a current in one causes a voltage in the other. The common, or 
mutual, impedance is defined as the factor by which the current in one mesh must be 
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multiplied to give the voltage, due to that current, in the second mesh. It may be a pure 
resistance, or a pure reactance, in which case the meshes are said to have a pure coupling; 
or the common impedance may be complex, in which case the coupling is said to be complex. 
Figures 9 and 10 illustrate some of the more usual types of coupling, although a com- 
plicated intervening network may be considered as simply a coupling impedance if the 
relation between current in oné mesh and resulting voltage in the other is of interest. 
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Fic. 9. Simple Types of Coupling 


MUTUAL IMPEDANCES. The mutual impedances of the circuits shown in Fig. 9 
are Zu = 7, jwLl, jwM, 1/jwC. In Fig. 10, case FE, the mutual impedance is jw(L’ + M) 
if the windings are in the same sense and jw(L’ — M) if they are in opposite sense. In 
case F, Zu = j(wL — 1/wC); in case G, Zum = j(wL/w*LC — 1). When the middle mesh 
of case H is considered as a mutual impedance between meshes a and 6 its value is 

i wL,L2 — w*M? — (M/C) | 
w(L; + Le — 2M) — (1/wC) 
when the transformer windings are so connected as to have minimum voltage across the 
coupling condenser. Reversing one winding reverses the sign of M. 
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Fia. 10. Common Types of Involvea Coupling 


5. CURRENTS AND VOLTAGES IN COUPLED CIRCUITS 


If two meshes are coupled as shown in Fig. 11 the primary current is 


Ig = E/(ra’ + J&a’) = E/Za’ (10) 
where , ; 
Eaeay eae Lm*rob — Tm ae = 2rmlmXdd (10a) 
and 
faa Tm'Zbb — ania — WmLmT db (100) 


2bb 


Note that in these equations rag and ry are the self-resistances of the respective meshes 
(Tea = Tao + Tm), and ea and xp are the self-reactances. (For a complete discussion of 
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self-impedances and mesh currents see Section 5, article 4. Za! is called the equivalent 
primary impedance and rq’ and xq’ the equivalent primary resistance and reactance. The 


'Frg. 11. Two Meshes Coupled through an Impedance zm 


second term on the right of eq. (10a) is called the transferred resistance, and the correspond- 
ing term of eq. (10b) the transferred reactance. 
The secondary current is 


I, = Zmla/Zbb Se ZmE/ZaaZb (11) 
where 
pe yi ak yt NIG) 
Im*Taa Tm Taa TmimXLaa 
ry = 7 + — ee = (11a) 
Zaa 

and oe 
, Tm'Laa — Lm'toa — 2TmLmTaa 11b 
ae! = ay + (116) 


Zane 


RESISTANCE COUPLING. When the coupling is a pure resistance, eqs. (1la and b) 
reduce to 


rp = Tobe Nnnoaleank (12a) 
and 
xy! = 2p + mn aa) Sac (126) 
so that the secondary current is 
foe eS ee (13) 
ire hac : Tm Laa 
Zaa| Tob — ree ar el ete A 
Zaa Zaa 
and its absolute value is 
Ih = Oe NI eae (13a) 
(Sas 2 ematiae eB ice 2 
Toa’ + Zea Tob, — a0; ae (Ca ae ams 
aa aa 


The maximum value possible for J, (for optimum tuning arrangements, Zaa = pp = 0) is 
Tm 
2 


= (14) 
TaaTbb — Tm 


I, max max >= 
REACTANCE COUPLING. When the coupling is a pure reactance, eqs. (1la and b) 
reduce to 


rp 


T5p + Lm*aa/Zaa* (15a) 
and 


cay, Sc Dba Pre ec? (15b) 


so that the expression for the secondary current becomes 


i2mE 
b> re eee OU 
Zaa| Te doce eg aie (2 7 amet) | 
Zaa Zaa 
and its absolute value is 
ImEH 


a (16a) 


Qa \ 2 2 2 
a/ Lm'Taa Lm" XLaa 
Taa’ + Za” \ (vm a5 ae) “i: (2 = Sattee) 
aa 


aa 


Since the nature of the curve of secondary current against mesh reactances (Fig. 12) 
changes completely at the point where zm? = raars, this condition is defined as the con- 
dition of critical coupling. The condition when zy? > raarsp is spoken of as coupling 
greater than critical, whereas when x7,” < raarsp the coupling is said to be less than critical. 
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= (@) Xe Se 
Fie. 12. Variation of Ip max with Primary Reactance for Three Degrees of Coupling 


These conditions have been variously named adequate and inadequate coupling, sufficient 
and deficient coupling, super and sub coupling; there is no general agreement as to termi- 


‘nology. 


When the coupling is less than or equal to critical there is only one inflection point on the 
curve of Iy max against primary reactance, which gives a maximum value for zg = 2» = 0, 
or when each mesh is separately tuned to resonance. When the coupling is greater than 
critical the current curve shows a minimum for the condition xz = x, = 0 with maximum 
points on either side of zero. The proper adjustments and absolute value of currents 
obtainable are shown in Table 1. 


_Table 1. Conditions for and Values of Maximum Secondary Current in Two 
Mesh Circuits (For Best Possible Tuning) 


Reactance Coupling 


Resistance 
Im? <TaaTbb | Xm? = TaaTbb Im? > Taalbb Coupling 
Optimum value for Zq....... 0 0 \ (oe (tm? — TaaTbb) 0 
Tbb 
A Tbb 
Optimum value for Zp....... 0 0 ON ae tans Tob) 0 
Taa 
Maxi d t Fitim sacs z Erm 
aximum secondary current | ——————— ————— eae LLNS 
TaaTbb + Lm? 2V TaaTbb 2V TaaTbb TaaTbb — Tm? 
sancer pene primary cur- Erep E E Ersp 
: TaaTbb + Lm? 2raa 2raa TaaTbb — Tm? 


Coupled circuits are frequently used to match two circuits with dissimilar impedances. 
The conditions listed in Table 1 for maximum secondary current also give the conditions 
for maximum power transfer and so for conjugate impedances. 

TRANSMISSION-FREQUENCY CHARACTERISTIC. The most-used form of cou- 
pled circuit is that of Fig. 10, case H. Assuming that the distributed capacitance between 
windings is negligible, the transmission formula is 

1 Le K 
G Ui 
FN T1 \/ (did, + K? — (1 — 1/8)? + [(di + a2) (1 — 1/F*)P 


where K = M/ \/ LL» is called the coefficient of coupling, and d; and d2 are the decrement 
coefficients at resonance of the two meshes. Near resonance where F = 1 approximately 


Li /2(f — f,)/frl§ + (de? + d2 — 2K%[20 — f)/fP + (dide + ?)? 


The shape of the transmission curve as the frequency varies depends on the coefficients 
(dy? + dy? — 2K*) and (did, + K*)?. With three independent variables resulting in two 
coefficients there are many solutions for a given shape. For a maximum transmission 
the additional condition may be specified that K is as large as possible. 


(17) 


(18) 
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SELECTIVITY. Comparing eq. (18) with eq. (4) for a single circuit it is seen that for 
frequencies some distance from resonance the transmission for a coupled circuit varies 
roughly inversely as the square of the departure from resonance, while for the single 
circuit the variation is roughly as the inverse first power. The transmission of two single 
circuits in cascade (and separated by a vacuum tube) is the product of the separate trans- 
missions. For two circuits of decrement coefficients d; and d2 this would be 


il 
— VBC — fo/fh + 2? + 20 — fo/fP + ard? 


Comparison of this with eq. (18) shows that the selectivity of the coupled circuit approaches 
that of the cascaded single circuits as K decreases, but the transmission of the coupled 
circuit is decreased in the process. 
(For complete discussion see Puring- 
ton, Proc. I.R.E., Vol. 18, 983 [June 
1930], and Aiken, Proc. I.R.H#., Vol. 
25, 230 [February 1937].) Figure 13 
shows the selectivity to be expected 
with well-designed coupled circuits. 
Curve C is for critical coupling; 
curve D for greater than critical 
coupling; and curves A and B for 
less than critical coupling. 
STAGGERED TUNING. The 
selectivity curve of a pair of coupled 
resonant circuits may be duplicated 
by the use of a two-stage amplifier 
having a single tuned circuit per 
stage, one circuit being tuned above 
and the other below the desired 
mean frequency. Similarly any de- 
sired number of single-tuned-circuit 
stages may be used to obtain an 
overall selectivity curve with a flat 
top and steep sides. The tuning 
points are distributed systematically 
across the pass bands. The effective 
Q is highest on the circuits tuned 
near the cutoff frequency. See Sec- 
‘ Sty tion 7, article 13; also the literature 
-~30 =30 =i0 0 (particularly V. D. Landon, Cascade 
Frequency Removed from Resonance in ke, Amplifiers with Maximal Flatness, 


Fic. 13. Selectivity of Coupled Circuits (C, critical cou- oD Rev., Vol. V, No. 3-4 [January— 
pling; D, greater than critical; A and B, less than critical) April 1941]). 


(19) 


Attenuation 


6. AIR-CORE TRANSFORMERS 


Since almost all air-core transformers used in communication circuits employ tuned 
secondaries only such cases will be considered. A simple circuit for a tuned amplifier 
stage is shown in Fig. 144. The amplification or gain of such a stage is defined as the 
ratio of the voltage applied to the grid of the first tube to the voltage delivered to the grid 
of the second tube. The value of the gain at resonance is 


Ey _ powrM2/r, Ls 
EF, (w*M?/r,) + rp M (20) 


where yp is the amplification factor of the tube. 

In this equation w*M?/r, represents the impedance reflected into the primary circuit 
by the tuned secondary circuit. It is assumed in this equation that the primary reactance 
is negligible. 

This equation may be written in a simpler algebraic form but is most easily remembered 
and used in the form shown. Keeping in mind that w?M2/r, is the load on the tube it is 
Seidont. that am, See ee the voltage d iplyi 

pA, (COME a aay, is the voltage drop across the plate load. Multiplying 


this voltage by the ratio of transformation L,/M gives E2, the output voltage. 
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As the mutual reactance between the primary and secondary circuits is varied, a 
maximum of gain is obtained when the value of w*M?/r; is equal to rp. This constitutes 
matching the impedance of the tube. 

In modern tubes of the screen-grid or of the pentode type, the plate impedance (rp) is 
of such a high magnitude that it is ordinarily impracticable to match its impedance. In 
fact, ordinarily the load in the plate circuit is so small as to have a negligible effect upon 

212 
the plate current, in which case the formula’ for gain becomes 2 = a it 7 , where 
is) 1 8 
Sm is the mutual conductance, or transconductance, of the tube. Expressing this equation 
in words, the gain of a tuned amplifier, employing a tube of very high plate impedance, 
is equal to the transconductance, multiplied by the load impedance, and by the trans- 


formation ratio. 


5 E. L : : 
The equation may be written in another form, a =) Bp = wM. That is, the gain 
1 s 


is equal to the transconductance, divided by the power factor of the secondary, and 
multiplied by the mutual reactance. 


4 


+B =, 
(A) : (B) 
Fig. 14. Tuned Amplifier Circuits 


VARIATION OF GAIN WITH FREQUENCY OF RESONARKCE. The gain of an 
amplifier of this type varies considerably with frequency as it is tuned over the frequency 
band. The frequency squared occurs in the numerator, causing the gain to tend to be 
larger at the high-frequency end of the tuning range. This tendency is partly counter- 
balanced by the normal variation of the circuit resistance with frequency. The rate of 
change of resistance varies considerably from coil to coil, but the resistance varies faster 
than the first power of the frequency, and slower than the second power. If the resistance 
varies directly with the frequency the gain is proportional to the frequency of resonance. 
However, if the resistance is proportional to the square of the frequency the gain is con- 
stant. Usually the resistance rises only slightly faster than the frequency, causing the 
gain to rise with frequency. 

EFFECT OF LEAKAGE REACTANCE. With tight coupling it is justifiable to neglect 
the primary reactance and the tube’s plate-filament capacitance, because the value of the 
reflected impedance exceeds the primary reactance so greatly. 

However, when the coupling is only moderate, the plate-filament capacitance and the 
primary reactance are no longer negligible. The effect is to increase the gain, above that 
of the formula, especially at high frequencies. 

In practice, the transformer is frequently of such a design that the primary reactance 
is far from negligible. The gain formula then becomes somewhat too complicated for 
practical use. Cut-and-try methods are the rule for designing such transformers. 

TUNED R-F TRANSFORMER EMPLOYING COMPOUND COUPLING. A com- 
mon design of transformer in broadcast receivers employing screen-grid tubes is that shown 
in Fig. 14B. It employs a primary of such a high inductance that its primary is resonant 
in conjunction with the output capacitance of the tube, at a frequency below the broadcast 
frequency spectrum, 450 kc and below. The secondary coil is of the usual type, but the 
per cent coupling is quite low, usually between 15 and 25 per cent. Sufficient capacitance 
coupling is used to give the desired high-frequency gain. 

The performance of this transformer is an improvement over that of the low-inductance 
primary type, in that the gain may be made more nearly constant throughout the tuning 
range. 

The average voltage gain in this type of transformer is somewhat less, but the great 
amplifying ability of screen-grid tubes makes it unnecessary to obtain the greatest possible 
gain in transformers. 
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7. THREE-WINDING TRANSFORMERS (HYBRID COILS) 


It is frequently desirable in electric circuits that currents in one portion of a circuit 
shall induce voltage in all branches of the circuit except certain designated ones, in which 
no voltage is to be introduced. This may be accomplished by means of an impedance 
bridge (Fig. 15) which consists of six adjustable impedances arranged in the form of a 
Wheatstone bridge. If the impedances are so adjusted that for a certain frequency 
Z,4/ZB = Zc/zp a voltage of that frequency introduced at # will cause no current in the 
arm G, and vice versa. 


Fig. 15. Impedance Bridge Circuit Fia. 16. Schematic Circuit of Three-winding 
Transformer with Load 


A more widely used means of blocking voltages out of a particular branch is a combina- 
tion of three coils such as that shown in Fig. 16; it is optionally called a three-winding 
transformer or a hybrid coil. If the two coils La are wound series aiding and the transformer 
is well made so that the winding resistances may be neglected and ‘the coefficients. of 
coupling are practically unity, then a voltage H, will cause no current through #2 (and 
vice versa) provided z3 = z4/N?, where WN is the turn ratio between one of the La coils and 
the Ly coil. Also if z} = Ze a voltage E3 will cause no current through E4, and vice versa. 
If all these conditions are fulfilled, then power from E or E»2 will divide equally between 
Z3 and z, and power from £3 and 4 will divide equally between z; and ze. Such trans- 
formers are extensively used in bidirectional amplifiers (see p. 7-13); also this circuit is the 
basic circuit for all neutralizing circuits. (See p. 7-29) 
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TRANSFORMERS WITH IRON CORES 


By A. J. Rohner 


8. AUDIO-FREQUENCY TRANSFORMERS 


The Function of the audio-frequency transformer is to couple various circuits, at audio 
frequencies, over a considerable range of the audio-frequency band. It may be used as 
an impedance-matching device, as a means of isolating circuits, or as a means of obtaining 
phase reversal. When it couples a voltage source, such as a microphone, a phonograph 
pick-up, or a telephone line, to the grid of a vacuum tube, it is usually called an input 
transformer. If it couples the plate of one tube to the grid of another, it is called an 
interstage transformer. If it couples the plate of a vacuum tube to some sort of load, 
such as a loudspeaker, indicating meter, or telephone line, it is referred to as an output 
transformer. The modulation transformer is a special case of the output transformer, in 
which the load is the plate of a radio-frequency amplifier tube. If the transformer is used 
to match telephone lines of unequal impedance, or to isolate lines of equal impedance, 
it is called a line transformer. There are, of course, many variations of the above-men- 
tioned applications. 

The audio-frequency transformer is constructed much like a power transformer, but 
there are two distinct points of difference. Power transformers are usually one-frequency 
devices, whereas audio transformers must operate over a wide band of frequencies. In 
high-fidelity systems, for example, a range of from 30 to 15,000 cycles may be required. 
In systems where intelligibility of speech is all that is necessary, 300 to 3000 cycles may 
suffice. Then, too, the power transformer works from a voltage source having good regula- 
tion; that is, the impedance of the source, or ‘‘generator impedance,” is negligible as com- 
pared with the loadimpedance. An audio transformer always works from a voltage source 
having poor regulation, the generator impedance often being equal to the load impedance, 
and in pentode or Class B power amplifiers, being greater than the load impedance. 

These two factors, wide frequency range, and high generator impedance, place severe 
restrictions on the constants of an audio transformer. Primary inductance must be high; 
leakage inductance and distributed and other ca- 
pacitances must be low. See G. Koehler, Design of 
Transformers for Audio-frequency Amplifiers with 
Preassigned Characteristics, Proc. 1.R.H#. (December 
1928); P. W. Willans, Low-frequency Intervalve Ey L rn ee 
Transformers, I.H.E. J. (October 1926). 1 

COUPLED CIRCUITS. The design of an audio- 


frequency transformer requires the solution of ———— es 
coupled circuits, of which the transformer is a part, ly I, 
and including the generator and the load imped- Rigel a iundamentalGireuie 


ances. This solution may be carried out by the 
classical method, using mutual inductance. See article 4, Coupled Circuits. Thus, for 
the circuit of Fig. 1, the voltage impressed on the primary is 


MT 
= rp. jwLyl —————— 1 
By lp OEE ee aT (1) 
The impedance “‘looking in’’ to the primary is 
EF, ' w*M2 
=— = WG —— 2 
XZ L Tp + jolr + aye (2) 
The voltage across the load, rz, is 
woM hr, 
aha a erie Se @) 


This method becomes quite complicated, however, when all the factors affecting audio 
transformers are considered: core loss, winding resistances, distributed capacitance, inter- 
winding capacitance, turns ratio, etc. The first step in simplifying the analysis of the 
audio transformer and its associated circuits is to convert them to an equivalent direct- 
connected network. See J. H. Morecroft, Principles of Radio Communication, 2nd Ed., 

. 95-105. 
oe RQUIVALENT DIRECT-CONNECTED NETWORK. Considering the transformer 
shown in Fig. 1 as a unity-ratio transformer, LZ; = Le Then kL; = kLe, where k = 


coefficient of coupling, and M = kV LiL, = kly, where M is the mutual inductance. 
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The leakage inductance of the primary, or that portion of the primary which is not 
coupled to the secondary, equals (1 — k)Z;. Similarly, the portion of the secondary not 
coupled to the primary equals (1 — k)L2, which is, of course, equal to (1 — k)Li. The 
circuit of Fig. 1 can now be replaced by a direct-connected network as shown by Fig. 2. 
The common impedance is kl}. 

It may be shown that this circuit is the exact equivalent of Fig. 1. For example, the 
input impedance equals Z; and 


, wk? L,2 
span tite Same Se EE 
Substituting M for ky, and Le for Ly 
is Gane a0kien OR Nee 
sie Maen a ia, Toe tose 


which is the expression derived for the circuit of Fig. 1. 
The equivalent network of an inequality ratio transformer may be referred to either 
the primary or secondary circuit, provided the correct transformations are made. To reflect 
: the secondary constants to the primary, 
i, (ily (Le for example, it is necessary to multiply 
all the impedances on the secondary side 
by the ratio L;/L2. With iron-core trans- 
formers, the ratio L/L is for all practical 
purposes equal to the square of the turns 
ratio. Voltages are transformed by the 
turns ratio, currents by the inverse of the 
turns ratio. 
If N, = primary turns, and NV, = secondary turns, the secondary constants, referred 


to the primary, are 
N,\2 2 N.\2 
Lif = () In T2! x) T2 C2! (=) C2 
8 Np 


N. 
N N,\2 
w= (q7)m Wa (Gt)nont= (FP)n 

After these conversions are made, the transformer becomes a unity-ratio transformer 
and can be replaced by an equivalent direct-connected network. 

COMPLETE EQUIVALENT NETWORK. Figure 3 shows the complete equivalent 
network of an audio-frequency transformer, referred to the primary, in which F; is the 
generator voltage (uHg in the case of a vacuum tube); rp is the generator resistance; 
C; is the distributed capacitance of the primary winding, plus any additional capacitance 
across that winding; 7 is the primary winding resistance; r- is the core-loss resistance; 72’ 
is the secondary winding resistance, 
referred to the primary; C2’ is the Tp vr (1-k)Ly (1-k)Ly 72 
distributed capacitance of the sec- 
ondary winding, plus additional 
capacitances across that winding 
within the transformer itself, re- 
ferred to the primary; and rz’, Cx’, 
and £,’ are the load resistance, load 
capacitance, and load voltage, all 
referred to the primary. 

The “additional capacitances” spoken of may be capacitances of the windings to ground, 
or capacitance between windings. For example, a single-ended interstage transformer 
might have its primary on the inside, next to the core, and secondary on the outside, 
wound over the primary. If the primary finish is connected to +B, and the secondary 
start is connected to ground, there is no a-c potential between the adjacent surfaces of the 
two windings, so that capacitance between the two windings has no effect. However, the 
primary start would go to plate, and the start layer of the winding has capacitance to the 
core. This capacitance is an additional capacitance across the primary winding. Simi- 
larly, the secondary finish would go to grid, and any capacitance existing between the 
finish layer of the secondary and the core or case would be an additional capacitance across 
the secondary winding. If the connections to both windings were reversed, making primary 
start +B, and secondary finish ground, those capacitances would have no effect. The 
capacitance between windings, however, would be of great importance. This would be 
somewhat equivalent to an additional capacitance across the winding having the most 
turns. Use of a grounded electrostatic shield between windings will largely eliminate 


Fig. 2. Equivalent Network 


Fia. 3. Equivalent Network of Audio Transformer 
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Soe between windings, but, of course, it adds additional capacitances to 
ground. 

Solution of the circuit of Fig. 3 will give the characteristics of the audio transformer, 
such as (1) voltage ratio as a function of frequency; (2) primary impedance as a function 
of frequency; (3) phase shift as a function of frequency; (4) efficiency. 

SIMPLIFIED NETWORK AT LOW FREQUENCIES. The network of Fig. 3 can be 
greatly simplified for practical design purposes by considering, first, the effect of frequency 
upon the relative importance of the various constants, and second, the particular applica- 
tion in which the transformer is used. 

At low frequencies, leakage inductance 
and all the capacitances can be ignored. 
Furthermore the coefficient of coupling, k, 
of most audio transformers is above 0.995, 
so that kL; may be taken as ZL; with an 
error of less than 1 per cent. The low- 
frequency characteristics of any audio 
transformer are determined by the pri- 
mary inductance and the various resist- Fie. 4. Network at Low Frequencies 
ances of the network, as shown in Fig. 4. 

But Fig. 4 can be simplified still further. The resistances can be lumped together into a 
single resistor, as shown in Figs. 5 and 6. Let ra = rp + 7 and let ry = re’ + rz’. Then 
the lumped resistance, R, is equivalent to ra, 75, and r; in parallel, or 

TaTblc 
# rato + Tale + Tre - 
If the input voltage, #,, is multiplied by the attenuation of the resistance network, the 
circuit of Fig. 5 becomes identical, in its output voltage and phase shift, with Fig. 4. 
The new value for the input voltage, of Fig. 5, is 


ry’reHy 
Tatb + Tate + Toe 


Figure 6 is simply a redrawing of Fig. 5, showing the single resistor and the new input 
voltage. Figure 6 is an exact equivalent of Fig. 4 as far as voltage output and phase 


(5) 


nto 
Exe Tt Ta TT Yo 


Fie. 5. Method of Combining Resistances Fic. 6. Circuit of Audio Trans- 
former at Low Frequencies 


shift are concerned. The voltage output and the phase shift, at low frequencies, of all 
audio transformers are given by this simple circuit. Figure 7 shows those characteristics, 
as a function of 27fL,/R. , ; 

At some frequency, 27fL; = R, so that 27fli/R = 1. Let this particular frequency be 
called f;. This is the low frequency at which the response has dropped 3 db from its value 
in the middle-frequency range. At twice this frequency, 27fli/R = 2. At three times 
this frequency, 27fli/R = 3, etc. At any frequency, f, 2rfli/R = f/fi. The curves 
given in Fig. 7, as a function of 27fl;/R, are at the same time frequency characteristics, 
the frequency being expressed in terms of the reference frequency, /i. 

In order to determine the proper value of primary inductance, it is necessary to know 
what drop in secondary voltage is permissible, at some specified low frequency, as com- 
pared with the voltage in the middle-frequency range. For example, 1-db drop at 100 
cycles might be given as the requirement of low-frequency response. From Fig. 7, the 
ratio of 27fL;/R is found, which gives this particular drop. As a first approximation, the 
winding and core-loss resistances may be neglected, so 


Sy ili (6) 
iiip tin tee 
Then 4 Ps 
re lle (7) 


R 2uf 
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Fig. 7. Response and Phase Shift at Low Frequencies 


SIMPLIFIED NETWORK AT MIDDLE FREQUENCIES. In this frequency range, 
all reactance elements become negligible, and the transformer reduces to a network of 
resistances, as shown in Fig. 8. In this range, phase shift is practically zero. This is the 
“flat”? portion of the frequency-response characteristic, the secondary voltage being 


Ns Tanhie 
Ey = — X kk X 8 
z Np , Tats + Tale + Tec ¢ ) 
and the efficiency of the transformer being, to a very close approximation, 
: ete 
Efficiency = 9 
0 bor! + ra! + r/o) Ori + Ory’ + rr) 82 


SIMPLIFIED NETWORK AT HIGH FREQUENCIES. The shunting effect of the 
primary inductance is negligible at high frequencies. See Fig. 7. If the generator resist- 
ance, fp, or the reflected load resistance, rz’, is 
less than 20,000 ohms, the primary capaci- 
tance, Ci, may be neglected. Most audio 
transformers fall in this class. Similarly, con- 
sidering the secondary side of the transformer, 
if the reflected generator resistance, or the 
load resistance, is less than 20,000 ohms, the 
secondary capacitance, C2, may be neglected. 
Fia. 8. Equivalent Network at Middle Fre- Though this is usually true of output trans- 

quencies formers, it is seldom true of input or interstage 
transformers. 

The core-loss resistance, rc, has little effect at high frequencies beyond reducing the 


secondary voltage by a few per cent. The per cent voltage drop caused by core loss, using 
the symbols of Fig. 8, is 
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This usually amounts to 2 or 3 per cent. As far as the shape of the response curve, or 
the amount of phase shift, is concerned, 


core loss may be neglected. Tp im AGEL, GX 

Neglecting primary inductance, pri- 
mary capacitance, and core loss, the 
equivalent circuit, at high frequencies, 
becomes as shown in Fig. 9. The term 
2(1 — k)Ly, is called the leakage induct- 
ance referred to the primary and is usu- 
ally designated by Le. 


Core loss drop = per cent (10) 


Fig. 9. Equivalent Network at High Frequencies 


OUTPUT TRANSFORMERS 6-17 


9. OUTPUT TRANSFORMERS 


The function of the output transformer is to transfer power from the plate, or plates, 
of vacuum tubes to a load, such asa loudspeaker, an indicating meter, or a ine. It provides 
the necessary impedance transformation, and it isolates the load from the d-c potential 
and current of the plate circuit. Efficiency is usually important, and the transformer 
must meet a prescribed frequency-response characteristic. 

TURNS RATIO is determined by the plate load recommended for the tube, or tubes, 
by the tube manufacturer, rz’, and the actual load resistance, rz. 
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FREQUENCY RESPONSE is controlled by the amount of primary inductance, at low 
frequencies, and by the amount of leakage inductance, at high frequencies. The allowable 
drop at low frequencies fixes a minimum value of primary inductance. See Fig. 7 and 
eqs. (6) and (7). 

The equivalent network of the output transformer at high frequencies is given by Fig. 
10, which is the same as Fig. 9 except that all capacitances have been omitted. The 
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Fic. 10. Output Transformer at High Frequencies Fie. 11. Circuit Equivalent to Fig. 10 


capacitance of an ordinary audio transformer winding will be about 100 wus, more or less, 
depending upon the coil construction. At 10,000 cycles, this is 160,000 ohms of capacitive 
reactance. The load on an output transformer is seldom over a few thousand ohms and 
may be as low as 3 or 4 ohms. The shunting effect of the secondary capacitance is there- 
fore negligible, even at the highest audio frequencies. The reflected load, looking into 
the primary, is seldom greater than 20,000 ohms, e.g., pushpull 6F'6 tubes require 10,000 
ohms. Again, primary capacitance is negligible. 

The circuit of Fig. 11 is the exact equivalent of that of Fig. 10, as far as voltage output 
and phase shift are concerned. The voltage output and the phase shift of all output 
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Ratio Leakage Reactance /Resistance =2™/Le/R, or Frequency Ratio=f/f, 
Fia. 12. Response and Phase Shift. Output Transformers at High Frequencies 
transformers at high frequencies are given by this simple circuit, provided that the load 


is resistive and the load and reflected load are less than 20,000 ohms. Figure 12 shows 
those characteristics as a function of 27fL./R. 
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At some frequency, 27fL. = R, so that 27fL./R = 1. Call this particular frequency fo. 
This is the high frequency at which the response has dropped 3 db from its value in the 
middle-frequency range. At twice this frequency 27fL./R = 2. At three times this 
frequency, 27fL./R = 3, etc. At any frequency, f, 27fL./R = f/fo. The curves given 
in Fig. 12, as a function of 27fL./R, are at the same time frequency characteristics, the 
frequency being expressed in terms of the reference frequency, /2. 

To determine the allowable amount of leakage inductance, it is necessary to know what 
drop in secondary voltage is permissible, at some specified high frequency, as compared 
with the voltage in the middle-frequency range. From Fig. 12, the ratio of 2rfL./R 
which gives this drop is found. 
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See F. E. Terman, Radio Engineering, 2nd Ed., pp. 293-299; L. A. Kelley, Transformer 
Design, Rad. Engrg. (December 1934, February 1935); F. E. Terman and R. E. Ingebret- 
sen, Output Transformer Response, Electronics, January 1936; and Magnetic Circwits and 
Transformers, staff of M.I.T., pp. 472-486. 

EFFICIENCY of output transformers is usually between 80 and 90 per cent, though it 
may be as low as 60 per cent for cheap or poorly designed transformers. Maximum 
efficiency is obtained, for a given physical size and core material, when copper loss = core 
loss, and when primary copper loss = secondary copper loss. Such a balance of losses is 
not always possible, however. If the secondary resistance, r2, is made 5 per cent of the 
load resistance, rz; if the primary resistance, 71, is made 5 per cent of the reflected load 
resistance, rz’; and if the core-loss resistance, 7-, is made 10 times the reflected load, rz’, 
the losses will be very nearly balanced, and the efficiency will be 82 per cent. See eq. (9). 

LOUDSPEAKER LOAD. The analysis of output transformers given above has 
assumed a constant, resistive load. If the load impedance is not constant throughout the 
frequency range, the frequency-response characteristic will not be flat but will rise and 
fall where the load impedance rises and falls. This effect is not very pronounced with 
Class A triode amplifiers. However, with pentode or with Class B triode amplifiers, the 
output voltage is approximately proportional to the load impedance. When such tubes 
are used to drive the conventional moving-coil loudspeaker, a flat frequency-response 
characteristic is no longer obtained. 

The impedance-frequency characteristic of a moving-coil loudspeaker is characterized 
by a low-frequency resonance peak and by a rise in impedance with frequency at the 
higher audio frequencies. In the neighborhood of 400 cycles, the loudspeaker impedance 
is the minimum and is resistive. This minimum, resistive impedance should be used as 
the basis of calculating the turns ratio and the efficiency of the transformer. 

Flattening of the frequency-response curve by mismatching, that is, by using a value 
for rz perhaps twice the value of the actual minimum, resistive impedance, in order to 
favor the low and high frequencies at the expense of the middle frequencies, is somewhat 
effective when used with Class A triode amplifiers. It does not level the voltage char- 
acteristic but does tend to level the power output over a wider frequency range. Mis- 
matching is futile, however, when used with pentode or Class B amplifiers. 

The rise in impedance at the high frequencies may be offset by connecting a capacitor, 
or a resistor and capacitor in series, across the primary of the output transformer. The 
low-frequency peak is best controlled by acoustical damping of the loudspeaker itself. 

PUSHPULL OUTPUT TRANSFORMER, CLASS A. No special problems are intro- 
duced by pushpull operation of the output transformer if the amplifier is Class A. (See 
Section 7, Amplifiers.) The generator resistance, rp, is twice the plate resistance of one 
tube. The reflected load, rz’, is the recommended tube load, plate-to-plate. In fact, the 
design of the transformer is simpler, for pushpull operation, because the d-c plate currents 
of the two tubes flow in opposite directions in the transformer windings, so that d-c 
magnetization of the core is canceled out. This results in higher primary inductance and 
a better low-frequency response. 

Data are furnished by the tube manufacturers on optimum plate-to-plate load. The 
method of arriving at this optimum load is discussed by B. J. Thompson, Graphical Deter- 
mination of Performance of Pushpull Audio Amplifiers, Proc. I.R.E., April 1933. 

PUSHPULL OUTPUT TRANSFORMER, CLASS B. Class B operation imposes 
special requirements on the output transformer, because one half of the primary works 
during one half-cycle, and the other during the other half-cycle. It is important that the 
two halves of the primary be closely coupled, so that the cross-over from one to the other 
may be accomplished smoothly and without introducing transients. It is also important 
that each half of the primary be coupled equally to the secondary. Otherwise the high- 


INPUT AND INTERSTAGE TRANSFORMERS 6-19 


frequency response of the transformer will not be the same for both half-cycles, which 
will produce even harmonics in the output wave. In general, leakage inductance should 
be kept to the minimum between the windings of 
a Class B output transformer, even beyond the re- 
quirements of frequency response. 

These requirements of low leakage and equal coup- 
ling are met by using the coil construction illustrated 
in Fig. 13. 

THE MODULATION TRANSFORMER is an 
output transformer, which has as its load the 
plate of a Class C radio-frequency amplifier. This 
load is resistive and is usually of the order of afew Fyg, 13. Arrangement of Windings, Class 
thousand ohms. (See Section 7, Modulators.) The B Output Transformer 
audio-frequency generator is usually a Class B am- 
plifier, so that the discussion of Class B output transformers given above applies to mod- 
ulation transformers. 

The secondary often is required to carry the d-c current of the Class C amplifier. This 
produces a d-c magnetization of the core, which must be considered when designing the 
transformer, because of its effect upon inductance and low-frequency response as well as 
upon heating. Core saturation, due to d-c and a-c magnetization, is usually an important 
factor in modulation transformers. It is most serious at the lowest frequency of the fre- 
quency range, since there the a-c flux density is greatest. The effects of d-c magnetization 
of the coré upon inductance and upon saturation are discussed in Section 3, Ferrous-cored 
Inductors. 

Modulation transformers often work at high power levels, of the order of hundreds or 
thousands of watts. Heating is an important consideration, as with power transformers. 
Usually, too, high voltages are applied to the modulation transformer. The primary 
center tap and one end of the secondary winding are connected to the d-c plate supply 
and must be insulated to withstand its voltage. The ends of the primary and the other 
end of the secondary, all of which are connected to plates, must withstand twice the d-c 
plate supply voltage, since they have audio-frequency voltage, additional to the d-c 
voltage, and of a peak value approximately equal to the d-c voltage. 

Since the primary center tap and one end of the secondary are often connected to a 
common point, the B supply, and since the load resistance of the Class C amplifier is of 
the same order of magnitude as the reflected load on one tube of the Class B amplifier, there 
is a strong temptation to make the modulation transformer an auto transformer, having 
one half of the primary common with the secondary. The saving in size, cost, and insula- 
tion by such construction is very great. Invariably, however, such construction leads to 
trouble due to the unequal coupling between the two halves of the primary and the sec- 
ondary. (See above, Pushpull, Class B.) 

For a practical analysis of Class B modulation, and driver, transformers, see J. Kunz, 
Transformers for Class B Modulators, Radio Engrg., July 1934. 

THE LINE TRANSFORMER is not an output transformer, as it does not work out of 
the plate of a vacuum tube. However, the analysis presented above for the output trans- 
former applies equally well to the line transformer. 
Turns ratio is determined in the same manner. Fre- 
quency response and phase shift are governed by the 
same factors, viz., primary and leakage inductances. 

Line transformers usually operate at low power lev- 
els, of the order of 6 milliwatts, or less, so that shield- 
ing from stray magnetic fields may be necessary. 

Often, too, it is necessary to balance the line to 
ground. This means that the capacitance from one 
Fig. 14. Balanced Coil Construction end of the primary to ground shall equal that from the 

other, and the capacitance from one end of the second- 
ary to ground shall equal that from the other. A symmetrical coil construction, as shown 
in Fig. 14, accomplishes this purpose. 


10. INPUT AND INTERSTAGE TRANSFORMERS 


The function of the input transformer is to couple an audio-frequency voltage source, 
such as a microphone, phonograph pick-up, or telephone line, to the grid of a vacuum tube. 
That of the interstage transformer is to couple the plate of one tube to the grid of another. 
Either type must conform to a predetermined frequency-response characteristic and must 
furnish the greatest possible voltage amplification consistent therewith. 
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With either type of transformer, the load consists of the grid circuit of a vacuum tube 
(or tubes), and its impedance is very high, frequently of the order of megohms. It is 
often no more than the input capacitance of the tube, although sometimes a resistor of 
100,000 to 500,000 ohms is placed across the secondary, also. With such a high-impedance 
load, the secondary winding capacitance is not negligible. The secondary winding capaci- 
tance and the load capacitance, together, largely control the high-frequency response and 
the turns ratio of the transformer. 

FREQUENCY CHARACTERISTICS, LOW AND MIDDLE FREQUENCIES. The 
same analysis applies to input and interstage transformers, at these frequencies, as applies 
to other audio transformers. See above, Simplified Network at Low Frequencies and 
Middle Frequencies. If there is no resistance load on the secondary, that is, if rz’ = ©, 
the equations given become simpler. Thus, eq. (8), for the secondary voltage, becomes 
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and eq. (9), for efficiency, becomes 


(13) 


Efficiency = 0 (14) 


FREQUENCY CHARACTERISTIC, HIGH FREQUENCIES. Figure 9 shows the 
equivalent network at high frequencies. Considering first the case when there is no 
secondary resistance load, the equivalent circuit becomes that shown in Fig. 15. This is 
a simple series resonant circuit. It is convenient to express the performance of this circuit 
by means of a family of curves, plotting voltage ratio vs. frequency, as shown by Fig. 16. 
It is seen that the shape of the desired frequency-response characteristic determines the 

value of a constant, N, while the position of the 


Ny r, [ee rp desired characteristic on the frequency band 
determines the value of the resonant frequency, 
| to. Then 
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2afo 
Fre. 15. Input or Interstage Transformer at i 
High Frequencies From these equations, the value of the leakage 


inductance, Le, and of the reflected secondary 
capacitances, C’, which will give the desired frequency response, can be calculated. If the 
amplification at high frequencies is to be substantially constant, the value of the constant 
N must lie between 0.75 and 1.0. See F. E. Terman, Radio Engineering, 2nd Ed., pp. 
188-202; Gen. Elec. Tech. Report 19366, Audio Transformer Design (July 1930); and 
Magnetic Circuits and Transformers, staff of M.I.T., pp. 486-494. 

Considering the case in which a resistance load is placed across the secondary, in addition 
to the tube input and secondary winding capacitances, the equivalent network is that of 
Fig. 9. The resistance load will reduce the leakage resonance peak, at the same time lower- 
ing the voltage output in the middle-frequency range in accordance with eq. (8). How- 
ever, the effect is more pronounced in the region of leakage resonance, so that an overall 
flattening of the response characteristic results. See Terman, p. 199. 

No single family of curves can be drawn which will show the performance of this circuit. 
However, two methods of attacking the problem have been described. One method uses a 
master chart showing the response at the leakage-resonance frequency. This chart 
enables a designer to pick out a value of secondary loading resistance that will give the 
desired response at resonance. He then computes the response at a few other points, 
sufficient for plotting the frequency-response characteristic. See P. W. Klipsch, A.F. 
Amplifier Circuits Using Transformers, Proc. ].R.E., February 1936. 

Another method of solving the circuit of Fig. 9 is to draw several families of curves, 
each family representing some fixed relationship between the various constants. This 
method, with six such families of curves, is described by J. G. Story, Design of A.F. Input 
and Intervalve Transformers, Wireless Engr., February 1938. 

THE TURNS RATIO, of an input or interstage transformer is determined by the 
secondary capacitance, that is, by the sum of the secondary winding capacitance, C2, and 
the input capacitance of the tube, Cz. Call this total capacitance C, and let its value 
reflected to the primary be C’. The correct value of C’ is found from the frequency- 
response requirements, as described above. Then 


Nz awe (17) 
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The capacitance, distributed, and to ground, of the secondary winding cannot be 
calculated accurately until the design of the transformer has been completed. As a first 
approximation, for finding the turns ratio, a value of 50 wuf may be used. The input 
capacitance of the tube is given by the formula 


Ch = Cet + Cep(1 + pv) 


where C,s = static capacitance between grid and filament, Cy» = static capacitance be- 
tween grid and plate, and w= effective amplification of tube. 
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Fic. 16. Leakage Resonance 


As an example of what can be expected in the way of turns ratio, assume that all sec- 
ondary capacitances total 100 wuf and that the high-frequency response of the trans- 
former is as given by N = 1 of Fig. 16, the resonance frequency being chosen as 10,000 
cycles. The following step-up ratios are obtainable: with 10,000-ohm generator (triode), 
1 to 4; with 500-ohm generator (line), 1 to 17.8; with 100-ohm generator (carbon mike), 
1 to 40; with 0.2-ohm generator (ribbon mike), 1 to 890. 

PICK-UP AND SHIELDING. Input and interstage transformers often work at very 
low voltage levels. As a result, voltage induced in the windings by stray magnetic fields 
may be as large as or larger than the signal voltage. These stray fields are produced by 
nearby power transformers, rectifier filter reactors, open loops in wires carrying large 
a-c currents, motor generators, etc. A hum of the frequency of the stray field is introduced 
into the amplifier. 

Correction of hum pick-up should begin at the source, if possible. Reduction of the 
flux density in power transformers and reactors, by proper design, placing of air gaps of 
reactors inside of the coils, use of shielding cans around power transformers and reactors, 
and tight twisting of heavy-current wiring are all helpful. 

Removal of the input, or interstage, transformer further from the source of disturbance, 
and orienting it so that its coil will be at right angles with the coil of the disturbing trans- 
former, are precautions that should be taken when laying out an amplifier. 
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Input transformers are sometimes made with a two-legged core (see Section 3), half 
of the primary and half of the secondary being placed on each leg. The two halves of 
each winding are connected in series, being additive for flux within the core, but subtractive 
for external fields. Such ‘‘hum-bucking’’ construction is very effective in reducing hum 
pick-up, if the external field is uniform, so that it acts upon both parts of the transformer 
equally. A reduction of 40 db in pick-up may be realized. 

Shielding of the input, or interstage, transformer is also very effective in reducing pick- 
up. A drawn nickel-alloy case with a tight-fitting lid will reduce pick-up about 30 db. 
Two such nickel-alloy shields, one inside the other, separated by a similar copper shield, 
will reduce pick-up by about 60 db. Three nickel-alloy and two copper shields will give 
about 90-db reduction of pick-up. Such nested shields are available. See E. B. Harrison, 
Notes on Transformer Design, Electronics, February 1944. 


11. DRIVER TRANSFORMER 


Function. The Class B operated output stage requires an auxiliary stage of audio 
amplification called the ‘‘driver” stage. The driver transformer couples the plate of the 
driver tube, usually a triode, to the grids of the Class B amplifier. The function of the 
driver stage is to supply to the grid circuit of the output stage large positive voltage peaks, 
which means that the driver stage is required to furnish power. In this respect the driver 
transformer is similar to the output transformer, but it has additional requirements im- 
posed upon it which make its design more exacting. 

TURNS RATIO. The secondary load on a driver transformer varies over a wide 
range during each half-cycle, from a very high resistance when both grids are negative to a 
low resistance when either grid is positive. The turns ratio of the transformer must be 
selected so that the change in load resistance has a negligible effect on driver tube distor- 
tion, a condition which is satisfied by using a step-down ratio. The value of the turns 
ratio is a compromise between distortion and driving power. 

FREQUENCY RESPONSE is governed by the same factors as for the output trans- 
former, viz., primary inductance at the low frequencies and leakage inductance at the 
high frequencies. There is a difference, in that the load on the driver transformer is not a 
constant resistance but varies during the cycle. Primary inductance should be high 
enough to give the desired low-frequency response with rz = ©. Leakage inductance 
should be low enough to give the desired response when rz = peak grid voltage swing/peak 
grid current swing. 

LEAKAGE AND DISTORTION. Leakage reactance in the driver transformer is a 
reactance in series with the grids of the Class B stage. It causes distortion of the grid 
voltage wave at the higher frequencies. The high-frequency range of a driver transformer 
is limited by distortion rather than by a falling off of 
the secondary voltage. Leakage between primary 
and secondary must therefore be kept to the mini- 
mum. It is also important that each half of the sec- 
ondary be coupled equally to the primary; otherwise 
the secondary voltage, at high frequencies, will not 
be the same for both half-cycles, which will produce 
even harmonics in the grid-voltage wave. The re- 
quirements of low leakage and equal coupling are 
Fia. 17. Winding Arrangement, Class ™et by using the coil arrangement shown in Fig 17. 

B Driver Transformer ee T. McLean, An Analysis of Distortion in Class 
B Audio Amplifiers, Proc. I.R.E., March 1936. 

Capacitances of the windings and input capacitance of the tubes have very little effect 
upon frequency response or distortion. However, they may resonate with the leakage 
reactance at some superaudible frequency to cause parasitic oscillations of the Class B 
stage. Such oscillations cannot be suppressed by means of series grid resistors without 
increasing distortion. It is desirable, therefore, to shunt a small capacitance from each 
Class B grid to ground. 


12. PHYSICAL DESIGN OF AUDIO TRANSFORMERS 


Data Required. From the foregoing analyses of various kinds of audio transformers, 
it is evident that the circuits which the transformer is coupling together must be clearly 
and completely specified before a design of the transformer is attempted. The first step 
in designing an audio transformer is to draw a diagram of the circuits, showing the values 
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of generator and load impedance, direct current in any winding, and other pertinent data. 
Next, the desired constants of the transformer, such as turns ratio, primary inductance, 
leakage inductance, secondary capacitance, winding resistances, and core-loss resistance 
are determined from the required performance of the transformer. Methods of finding 
what constants in the transformer will give desired performance are described above. 

DESIGN METHOD. There is no straightforward method of going at the physical 
design of an audio transformer. The design is carried out by making several trials, each 
one approaching closer to the desired constants. Procedure is as follows: 

1. Assume a core size and a core material. As a starter, a core of EI scrapless lamina- 
tions (see Section 3, Ferrous-cored Inductors), 1/2 in. to 3/4 in. center leg, stack equal to 
width of center leg, and silicon-steel material, might be chosen. 

2. Calculate the number of primary turns that will give the desired value of primary 
inductance (Ferrous-cored Inductors). 

3. Multiply the number of primary turns by the turns ratio to give the number of 
secondary turns. 

4. Determine the primary and secondary wire sizes, using 500 circular mils per ampere 
as a first trial, but not using wire smaller than No. 41 AWG. Extremely small and light 
transformers may employ wire as small as No. 44, but these very small wire sizes should 
be avoided, if possible, because of breakage when winding. If direct as well as alternating 
current is present in a winding, the total current rms value will be 


Trotal = Vac? + Tac? (18) 


5. Lay out the windings. As arule it is best to calculate the number of turns per layer 
and the number of layers of each winding rather than to rely on some winding space 
factor. The arrangement of windings may be fixed by some special requirements of the 
transformer, as shown in Figs. 13, 14, and 17. Unless there is some reason for doing 
otherwise, the primary is customarily wound first, with the secondary over it. (See 
Inductors for details of construction.) 

6. If the total calculated build of the coil, including spool, layer insulation, and wrapper, 
exceeds 90 per cent of the window height, the core is too small, and steps 1, 2, 3, and 5 
must be repeated, using either a larger core, a core with a larger window, such as the EE 
scrapless style, or a core of better magnetic material. If the coil build is far below 90 per 
cent of the window height, a smaller core should be tried. 

7. After working out a core and coil that will fit and will have the desired primary 
inductance and turns ratio, the other constants should be calculated from the design. 
These include primary and secondary resistances, core-loss resistance, and leakage induct- 
ance. In the case of input and interstage transformers, the distributed capacitance and 
capacitance to ground of the secondary should also be calculated. In the case of high- 
level output and modulation transformers, maximum flux density at the lowest frequency 
(see Inductors), middle-range efficiency, and heating, should also be calculated. 

8. Modify the design as required. An inspection of the first trial design will suggest the 
changes needed. Leakage inductance and secondary capacitance can be varied consider- 
ably by changing the arrangement and shape of the windings. Resistance of the windings 
can be changed by using larger or smaller wire. 

LEAKAGE INDUCTANCE depends upon coil geometry. For a two-winding trans- 
former, as shown in Fig. 18, the leakage inductance, referred to the primary, is 

are : 
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) x 10~° henry (19) 


in which c = length of a mean turn, a turn halfway between the innermost and outermost 
layers; 1 = length of winding, or wire traverse; a = distance between windings, copper 
to copper; d; and d: are the build-ups 
of the two windings, all dimensions 
being expressed in inches; and N, is 
the number of turns of the primary 
winding. The method of deriving this 
formula is given by R. R. Lawrence, 
Principles of A-C Machinery. Leakage 
inductance, referred to the secondary, 
is given by the same formula, except 
that N.2 is used in place of V,?, Ns be- 
ing the number of turns of the second- 
ary winding. Fic. 18. Cross-section of Transformer Windings 
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Leakage inductance can be reduced by dividing either the primary or the secondary 
winding into two sections, placing the other winding between the two sections. One 
arrangement is shown in Fig. 19a, in which the windings are concentrically wound. A 
second arrangement is shown in Fig. 19b, in which the windings are coaxially wound; this 
construction is termed ‘‘pancake’”’ winding. For the two cases: 


2 

Dun ate (a: gy 2 a x 107-9 henry (20a) 
2 

ty = STE (a +a + ATE) x 10-* henry (20b) 


LWW 


WAZA 


(a) 
Fia. 19. Interleaved Windings. (a) Concentrically Wound. (6) Coaxially Wound. 


DISTRIBUTED CAPACITANCE of an audio-frequency transformer winding is made 
up of the layer-to-layer capacitances. The turn-to-turn capacitances are negligible. The 
equivalent capacitance across a winding is the resultant of the layer-to-layer capacitances, 
in series. A winding of many layers, therefore, has less distributed capacitance than a 
winding of few layers. The distributed capacitance, Ca, is 


_ 0.3elk(T — 1) 


Ca dT? 


micro-microfarads (21) 


in which c = mean length of turn of the winding; 2 = length of winding, or wire traverse; 
d = distance between layers, copper to copper, all dimensions expressed in inches; 
T = number of layers of wire in the winding; and k = average dielectric constant of layer 
insulation, enamel, and impregnating compounds. For paper-insulated layers, k = 3, 
approximately. See J. H. Morecroft, Principles of Radio Communication, 2nd Ed., pp. 
233-235. 

CAPACITANCE TO GROUND or between windings consists of the capacitances of the 
inner layer and of the outer layer of a winding to surfaces which are adjacent to them. 
The capacitances at the ends of a winding are usually negligible. Usually, one winding 
is wound over another, concentrically, with 10 to 40 mils of insulation between them. Also, 
the wire traverse is usually the same for both windings. The capacitance between the two 
windings is the capacitance between two parallel surfaces, of the same area, having a very 
small separation between them. 

It is true that the a-c voltage between the two surfaces is not usually the same at all 
points, because the a-c voltage across the outer layer of the one winding is usually not the 
same as that across the inner layer of the other winding. Also, the capacitance calculated 

‘ between the outer layer of the one winding and the inner layer of the other is assumed to 
be from the finish of the one winding to the start of the other. These are minor errors 
if the number of layers on each winding is greater than 10. 

If the mean circumference of the space between the two windings = c, length of 
winding = J, and separation of windings = d, all dimensions in inches, and k is the di- 
‘electric constant of the insulation between them, the winding-to-winding capacitance, 
Goes 

_ 0.225clk 


Cy q 


micro-microfarads (22) 


The same formula may be used to compute other capacitances, such as that to core or 
to shield. 
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13. AUDIO TRANSFORMER MEASUREMENTS 


RESISTANCE. The d-c resistance is usually accurate enough at audio frequencies. 

INDUCTANCE AND CAPACITANCE. Most iron-cored transformers for audio and 
power frequencies resonate at some frequency in the neighborhood of 1000 cycles. This 
is a parallel resonance of the mutual inductance and the winding capacitances. Measure- 
ment of primary or secondary inductance or winding capacitance at 1000 cycles is meaning- 
less. Primary or secondary inductance must be measured at some low frequency, 60 
cycles being a convenient one, care being taken to apply an appropriate value of a-c 
voltage and direct current. Bridges for inductance measurement are described in Sec- 
tion 11. 

Capacitance must be measured at some high frequency, such as 4000 cycles or above. 
Any terminals which are normally at a-c ground potential should be grounded during such 
measurements. A measurement of capacitance across any winding will include reflected 
capacitances from other windings. If it is desired to measure the secondary capacitance 
of an input or interstage transformer, this may be done indirectly by measuring the leakage 
inductance and the leakage resonance frequency. 

LEAKAGE INDUCTANCE is most conveniently measured on a 1000-cycle bridge, 
short-circuiting one winding and measuring the inductance of the other. This frequency 
is satisfactory since the mutual inductance and winding 
capacitances are shorted out, leaving only the leakage in- 
ductance and winding resistances as factors in the measure- 
ment. If the leakage inductance referred to the primary is 
to be measured, the secondary is short-circuited and the in- 
ductance of the primary is measured. See Fig. 3, in which 
EF! would be short-circuited. 

TURNS RATIO is most accurately and conveniently 
measured with a bridge as illustrated in Fig. 20. Such a Fria. 20. Turns-ratio Bridge 
bridge is as accurate as the resistance arms, except when 
there is a large amount of leakage inductance in the transformer. Polarity is determined 
at the same time asturnsratio. The windings must be additive in order to obtain a null. 


1000-cycle 
Oscillator 


CORE-LOSS RESISTANCE, in the middle-frequency range, referred to the primary, 
is found by measuring the primary impedance, at the self-resonant frequency of the 
transformer, with no load on the secondary. Figure 21 shows how this impedance may 

be measured. This impedance is practically equal to 
the core-loss resistance. Referring to Fig. 3, if ki, 
the primary inductance, is resonant with the total 
capacitance C; + C2’, their combined impedance is 
a infinite, and they have no shunting effect on the cir- 
Sec. 
Es 


Osciilator 

cuit. If rz’ and Cz’, the load resistance and capaci- 

tance, are removed from the transformer, the only 

shunt left in the circuit is the core-loss resistance 7c. 

Vacuum-tube The series elements 7, the primary winding resistance, 

Voltmeter = and (1 — k)Li, which is half of the leakage induct- 

Fig. 21. Measurement of Impedance ance, are usually very small as compared with r, and 
can be neglected. 

FREQUENCY CHARACTERISTIC. An audio oscillator and a suitable voltmeter are 
required. For measuring input or interstage transformers, the voltmeter must be of the 
tube type, but for output transformers thermocouple or rectifier-type voltmeters may be 
used. In any event, the voltmeter should not appreciably load the circuit being measured. 

It is essential, when measuring frequency response or phase shift of an audio transformer, 
that the circuits between which the transformer works, on the primary and secondary 
sides, be either included in the measurement or that equivalent resistors, capacitors, etc., 
be used. A measurement of the transformer alone is meaningless. If the actual tube or 
line on the primary side is not used, an equivalent resistor should be placed in series with 
the primary winding. 

Measurements should be made at an a-c voltage level corresponding to actual operating 
conditions, and with direct current in the windings equal to any unbalanced direct current 
under actual operating conditions. 
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14. POWER TRANSFORMER 


The function of the power transformer in radio and communication equipment is three- 
fold: to insulate the equipment from the power line, to reduce the line voltage to the 
voltages required by the tube heater circuits, and to step up the line voltage to energize 
the anodes of the rectifier that supplies the d-c plate and bias voltages. The secondary 
windings that supply voltage to heater circuits are usually called “filament” windings, and 
the secondary winding that supplies voltage to rectifier anodes is termed the “plate” 
winding. A typical power transformer might have a 115-volt 60-cycle primary, a 600-volt 
center-tapped plate winding, a 5-volt 2-ampere filament winding for the rectifier heater, 
and a 6.3-volt 3-ampere filament winding for the other heaters. Variations of this basic 
pattern are, of course, very numerous, depending upon the voltages and currents needed. 
Additional secondaries may be required to supply pilot lamps, relays, control motors, etc. 
In transmitters, separate rectifiers may be used to supply plate and bias voltages, requiring 
two plate windings. It may be desirable to turn on the heaters of large tubes for a warm-up 
period before applying the plate voltage, which means that two separate power trans- 
formers are required, one to supply the heaters, termed a filament transformer, and one 
to supply the rectifier anodes, termed a plate transformer. 

Power-line Frequency is 60 cycles per second throughout most of the United States. 
In some parts of the United States and in many foreign countries 50 cycles is standard. 
Most power transformers for radio equipment are designed for 50- and 60-cycle operation. 
In aircraft, 400 or 800 cycles per second is often used. 

VOLT-AMPERE RATING. The volt-ampere rating, of any secondary winding is the 
product of the rms voltage, under load, by the rms current. The total volt-ampere rating 
of all the secondaries is the sum of the volt-ampere ratings of the individual secondaries. 
For a filament winding, the volt-ampere rating is simply a-c voltage times a-c current (in 
amperes). Both voltage and current are of sinusoidal wave form, and the rms value of 
each is the ordinary a-c effective value. For a plate winding, the rms voltage is the 
ordinary a-c voltage, since the voltage wave is sinusoidal. However, the current in a plate 
winding is not sinusoidal. Its rms value depends upon the amount of direct current 
supplied by the rectifier, the kind of rectifier circuit used, and whether the first element 
of the rectifier filter is an inductor (choke input) or a capacitor (condenser input). Table 1 
gives the ratio of rms current, in the winding, to direct current, for various kinds of rec- 
tifier. The factors given for capacitor input are round-number approximations, which 
are accurate enough for most power-transformer designs. Actually these factors for 
capacitor input vary widely, depending upon the resistance of the rectifier and the resist- 
ance of the d-c load. For analysis of rectifiers see O. H. Schade, Analysis of Rectifier 
Operation, Proc. I.R.E., July 1943; F. E. Terman, Radio Engineering, 2nd Ed., pp. 479- 
500; R. W. Armstrong, Polyphase Rectification Special Connections, Proc. I.R.E., Jan- 
uary 1931. i 
Table 1. Form Factors for Plate-winding Currents 


Type of Rectifier Heating Current | Volt-drop Current 

Irms/Ide n 

Bridge nductorsainputisss etic chinese 10 1.0 

Full-wave, pushpull, inductor input..... 0.707 0.500 

Full-wave, pushpull, capacitor input.... 1.0 0.707 

Bridge, capacitor input....'............ Hi6S) ie 

Half-wave, capacitor input............. 2.0 2.0 

Voltage-doubler, capacitor input........ 3.0 3.0 


SIZE OF POWER TRANSFORMERS is governed by heating rather than by efficiency 
in most radio and communications work. Allowable heating limits the flux density in 
the core and the current density in the windings. If the flux density is fixed, the core 
cross-section is proportional to the volts per turn. See eq. (26), below. If the current 
density is fixed, the core window area is proportional to the ampere-turns. 

Core cross-section X window area is proportional to volts per turn X ampere-turns. 


E 
AX W=0(3X NI) = rEXD (23) 


where A is the cross-section of the core, W is the area of the core window, p is a constant 
of proportionality, NV is the number of turns on the secondary of a transformer having but 
one secondary, H and I are the rms voltage and current of this secondary, and EF X J is 
the volt-ampere rating of the transformer. When there are several secondaries, the same 
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formula holds, but # X I is the sum of the volt-ampere ratings of all the secondaries. 
Applying this formula to the common case of a 60-cycle power transformer, having 40 
to 50 deg cent temperature rise, dimensions being in inches, 


AX W = 0.024(E x 1) approximately (24) 


Power transformers often employ laminations of the El-scrapless shape (see Section 3, 
Ferrous-cored Inductors). The core stack is often equal, or nearly so, to the width of 
the center leg; that is, the center leg has a square cross-section. This core shape has a 
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definite relationship between window area and core cross-section, W = 0.75A. Equa- 
tion (24), for this case, can be simplified to : 


A = 0.18VE XI approximately (25) 


These formulas are fairly accurate for the average run of power transformers. However, 
if operating voltages are high, or if the number of secondaries exceeds three, a larger 
than usual part of the window is taken up by insulation, leaving less space for wire. To 
allow for this, a somewhat larger core size should be chosen. Often, in such cases, a lami- 
nation shape is desirable, having more window area than the ElI-scrapless lamination, 
such as the EE-scrapless style. 

CONSTRUCTION OF POWER TRANSFORMERS. Compactness is accomplished 
by the use of a shell-type core, using laminations of the El-scrapless or EE-scrapless 
shapes. Laminations are stacked alternately, or interleaved, one each way or two each 
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way. Core material is almost always silicon steel having 2.5 per cent silicon content, or 
higher. Lamination thickness may be 14-mil (U.S. gage No. 29), 19-mil (U.S. gage No. 
26), or 25-mil (U.S. gage No. 24). The choice of silicon content and lamination thickness 
is a compromise between cost and core loss, the lower silicon content and greater thickness 
having the higher core loss. Core loss vs. flux density for several typical grades and thick- 
ness of laminations are given in Fig. 22. See Ferrous-cored Inductors, for lamination 
shapes, kinds of core material, and references. 

Coil construction usually follows a conventional pattern, because a particular routine 
of winding has been found to be most convenient. A single coil, which consists of the 
various windings, is made, and is placed upon the center leg of the shell-type core. The 
primary is wound first, over a formed spool of paper or fiber. The winding is layer wound, 
with paper insulation between layers. Next, an electrostatic shield, consisting of one turn 
of thin copper, the overlapping ends being insulated from each other, is placed over the 
primary. The high-voltage or plate winding is wound on next. Up to this point, the 
winding is done in multiple, ten or more coils being wound at a time. Generally, at this 
point, the coils are sawed apart. The primary and plate windings ordinarily use wire of 
sizes too small to be brought out of the windings as leads. So flexible, insulated leads 
are anchored on top of the plate winding, the wire from the primary and plate windings 
being brought around the ends of the windings and soldered to these leads. Then the 
filament windings, which usually consist of a few turns of large wire, are wound on singly, 
either one over the other or side by side, depending on the number of turns, wire size, and 
wire traverse required. Generally the wires used for filament windings are sufficiently 
large and rugged to be extended out of the windings as leads. See Ferrous-cored Inductors. 
and also H. C. Roters, Electromagnetic Devices, Chapter VI. 

The coil, or the core and coil together, are baked dry and impregnated with varnish, 
wax, or asphaltic compound to exclude moisture, strengthen the coil mechanically, and 
reduce lamination hum. 

DESIGN PROCEDURE is relatively straightforward for power transformers, so that 
design calculations are often made on a standard form sheet, or calculation sheet. Steps 
are as follows: 

1. Determine the rms voltages and currents of the secondary windings and the total 
-volt-ampere rating of all the secondaries. 

2. Choose a core size which will satisfy eqs. (24) or (25). 

3. Determine, approximately, the primary current. Assume 90 per cent efficiency and 
‘90 per cent power factor as a first approximation. If the plate winding is not center- 
tapped, the volt-ampere input to the primary will be 


(Filament volt-amps + Plate volt-amps) + 0.81 
If the plate winding is center-tapped, the volt-ampere input to the primary will be 
(Filament volt-amps + 0.707 Plate volt-amps) + 0.81 


4. Calculate primary turns, NV >. 
E> 
Ne 4.44BAkf 


in which EZ, = primary voltage, f = frequency, B = flux density in lines per square inch, 
A = cross-sectional area of core in square inches, and k = stacking factor. Flux density 
is usually around 70 kilolines per square inch, at the nominal primary voltage, for 60-cycle 


x 108 (26) 


designs. 
5. Calculate secondary turns. Assuming a regulation of 10 per cent, as a first trial, 
E 
N. = — X Np X 1.10 (27) 
E, 


If the number of turns on the low-voltage filament windings comes out fractional, the 
turns on all windings should be increased or decreased sufficiently to give each low-voltage 
winding a whole number of turns. 

_ 6. Determine wire sizes of all windings. The rule of 1000 circular mils per ampere is 
very convenient to use as a first approximation and is usually not far from the correct 
value arrived at in the final design. 

7. Lay out the windings. This is done by calculating the number of turns per layer, 
the number of layers, and the build of each winding. See above, ‘‘Construction of Power 
Transformers,’’ and Ferrous-cored Inductors. Margins are usually !1/gin. It is considered 
good practice to use a double thickness of layer insulation between the two inside layers 
and between the two outside layers of the high-voltage winding, to provide a factor of 
safety against transients caused by line surges or switching. The total build of the coil, 
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ineinding spoo),, insulation, and outside wrapper, should not exceed 90 per cent of the win- 
dow height. 

Insulation between windings is determined by the operating voltage. The rule of twice 
normal plus 1000 volts, for test voltage, is commonly used. Insulation must, of course, 
be able to stand something more than the test voltage. The factor of safety allowed is 
governed by cost and by the type of service which the radio or communications equipment 
is required to give. For test voltages of 2500 rms or less, several thicknesses of Kraft 
paper or two turns of varnished cambric are enough insulation between windings. Margins 
of 1/g in. are adequate for creepage. Above 2500 volts rms test, wider margins are neces- 
sary as well as better insulation between windings. If, for example, the test voltage is 
4000, and a two-to-one safety factor is allowed in the design, the margins must be wide 
enough to withstand 8000 volts rms creepage. This requires about 7/1¢-in. margins. A 
point is reached where the margins required for creepage use up too much of the available 
winding space. Such windings are insulated by wrapping them with half-lapped tape, of 
varnished cambric, Fiberglas, or other insulating material. A narrow-windowed lamina- 
tion or side-by-side sections of the winding are employed with very high voltage coils, of 
1000 volts or higher, in order to keep the turns per layer and the voltage per layer low. 

CALCULATION OF PERFORMANCE. The procedure outlined above will give a 
design which is usually not very far from a satisfactory final design. It is necessary, 
however, to calculate the output voltages of the secondaries, the heating, regulation, and 
efficiency, and then to make minor adjustments in the design as required. 

1. Resistance of each winding is calculated from the mean length of turn, in feet, the 
number of turns, and the resistance of copper wire, of the particular size, in ohms per 
1000 ft (see Section 2, for tables). The d-c resistance of the wire is used. An allowance 
should be made for the fact that ordinary power transformer windings operate at tempera- 
tures higher than 20 deg cent, usually in the neighborhood of 80 deg cent. The resistance 
of copper wire increases about 0.4 per cent per degree centigrade above 20 deg cent. The 
mean length of turn, m, in feet, is given by 


2(xX + Y) — 8R+ 7QR + b) 
oe 12 


in which X and Y = inside dimensions of the winding, R = inside corner radius, and 
= build of the winding, all dimensions being expressed in inches. 

2. Copper loss of each winding is the rms current squared X resistanee of that winding. 
Total copper loss is the sum of the copper losses of the individual windings. 

3. Core loss is the product of the watts per pound (Fig. 22) times the weight of the 
core in pounds. Flux density, for determining watts per pound, is calculated from eq. (26). 
Actually, the flux density, under load, is somewhat less than given by this equation, owing 
to voltage drop in the primary winding, but the error is very small. See Magnetic Circuits 
and Transformers, Chapter V. 

4. Heating may be calculated from the losses. There is no accurate formula for heating 
of a power transformer in radio or communications equipment, because so many unpre- 
dictable factors are involved. The proximity of other hot objects, such as rectifier tubes 
or bleeder resistors, the amount of ventilation, the nature of the surfaces toward which 
the transformer is radiating heat, whether dull or shiny, the kind of finish on the outside 
of the transformer, and the characteristics of the potting compound, if the transformer is 
potted, all influence the temperature rise of the transformer. However, a rough rule can 
be worked out, based upon the Stefan-Boltzmann law for radiation from a black body, 
which gives an approximate figure for temperature rise and is valuable as a basis for 
comparing one transformer design against another. The radiation surface of a core and 
coil is only slightly more than the total surface of the core, including window area. That 
is, the coil surface adds very little to the radiation surface of the core and coil. E.g., if 
the outer dimensions of a laminated core are 2 1/2 by 3 in. and the stack is 1 in., the total 
core surface is 26 sq. in. This surface is very easy to compute from the core dimensions 
and may be taken as the radiating surface of the core and coil. Calling this surface A, 
in square inches, and the total watts loss W, the temperature rise in degrees centigrade, 


AT, is roughly given by 


(28) 


200W 
ALT= m (29) 
See Magnetic Circuits and Transformers, Chapter VIII; Thermal Characteristics of Trans- 
formers, V. M. Montsinger, Gen. Elec. Rev., April 1946; and R. Lee, Electronic Trans- 
formers and Circuits, Wiley, pp. 37-44. 
5. Output voltages of the secondaries under load, and the regulation of a transformer, 
are calculated from the resistances of the various windings. Voltage drop in a transformer, 
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due to leakage reactance, is very small at 60 cycles and is usually not worth the trouble of 
computing. An allowance of 1 per cent leakage-reactance drop is usually accurate enough. 
The full-load voltage of the various secondary windings is obtained as follows: 
A. Primary per cent JR drop is 
Ta ery <eL00 
Pri. % = 2~————— 


0 
E, (30) 


in which I, = in-phase component of primary current = rms primary current + power 
factor, 7; = resistance of primary winding, H, = impressed primary voltage. 

B. No-load secondary voltages = impressed primary voltage X turns ratio, for the 
various secondary windings. 

C. High-voltage winding, full-load voltage is 


E, = Ez my (FEAX* af ntaer) | x 0.99 (31) 


in which Ho = no-load voltage of winding, Jac = direct-current rectifier load, n = factor 
depending on type of rectifier, and rz = resistance of high-voltage winding. The 0.99 
multiplier is an allowance for leakage-reactance drop. Values of the n factor are given 
in Table 1. To illustrate where the n factor comes from, consider a full-wave, inductor- 
input rectifier with winding center-tapped. The direct current flows in one half of the 
plate winding at a time, so the voltage drop in the plate winding is 0.5 X 72 X Jac. The 
value of n is 0.5. 
D. Filament winding, full-load voltage is 


(GS [ = (Pe zie te) | x 0.99 (32) 


in which Zp = no-load voltage of the filament winding, J3 = rms load current, 73 = resist- 
ance of filament winding. 
The regulation of each secondary winding, expressed in per cent, is 
No-load volts — Full-load volts 
Full-load volts 


x 100 


Ordinarily, regulation is between 5 and 10 per cent. 

6. Efficiency is the ratio, output watts + input watts. The output wattage of any 
filament winding is simply the product of a-c voltage, under load, by a-c load current. 
The output wattage of a plate winding is a complicated product of a sinusoidal voltage 
and a non-sinusoidal current. As an approximation, multiply the rms voltage of the 
total plate winding by the volt-drop current as given in Table 1. Then the output wattage 
of the transformer is the sum of the wattages of the various secondaries. 

Input wattage is computed by multiplying the no-load voltage of each secondary by its 
rms load current if a filament winding, or by the volt-drop current if a plate winding, and 
adding the core-loss watts. The efficiency of a typical power transformer is about 90 
per cent. 


15. VIBRATOR TRANSFORMER 


Function. The vibrator transformer is used in radio and communications equipment 
when the source of power is a battery instead of an a-cline. This occurs in mobile applica- 
tions, such as automobile, aircraft, and railroad. The vibrator transformer takes the place 
of the usual power transformer, supplying the proper voltages to rectifier anodes and to 
heaters. 

The center tap of the primary winding is connected permanently to one end of the 
battery. The other end of the battery is connected alternately to one end or the other 
of the primary winding by means of contacts on a vibrating reed. The frequency of the 
reed is usually between 100 and 200 cycles per second, although frequencies as high as 
400 cycles are used. This applies an alternating voltage, of square wave form, to the pri- 
mary of the transformer. The frequency of this alternating voltage is, of course, the same 
as the vibration frequency of the reed. The transformer is able to step this primary voltage 
up or down, as required, in much the same manner as an ordinary a-c voltage. 

An appreciable time is required for the reed to move from one side to the other, so that 
the contacts are closed, one way or the other, only about 80 per cent of the time. The 
transformer is connected across the battery only that percentage of the time. The portion 
of the time that the vibrator contacts are closed is called the time efficiency of the vibrator. 
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A capacitor, called a ‘‘buffer’’ capacitor, must be connected across either the primary 
or the secondary winding. Usually it is placed across the highest voltage winding because 
a smaller value of capacitance will suffice there. The buffer capacitor is an essential part 
of the transformer. When the correct value of buffer is used, it gives a smooth cross-over 
of the transformer voltage during the time interval when the vibrator contacts are open. 
In so doing, it prevents sparking and high-frequency transients at the break and at the 
make. 

Often, heater circuits are connected directly to the battery, leaving only rectifier anode 
voltage to be supplied by the vibrator transformer. The rectifier winding may be con- 
nected to vacuum-tube rectifiers in the same 
manner as the plate winding of an ordinary 
power transformer. Or rectification may be 
accomplished by using a second pair of con- + 
tacts on the vibrator which switch the load D-c.Outpdt 
back and forth across the secondary in syn- 
chronism with the switching of the battery = 
across the primary. Figure 23 shows the — = 


Buffer Capacitor 


‘eircuit of a synchronous vibrator trans- Fig. 23. Circuit of Synchronous Vibrator 


former. 
DESIGN. (Rectifier secondary only.) A. Core size is much larger than for an ordi- 
nary power transformer of the same frequency and giving the same d-c voltage and 
current. As battery voltage varies widely, flux density must be kept low. The primary 
winding is almost twice as bulky as that of an ordinary transformer. The current is 
flowing only part of the time, and so larger wire is required for the same average current. 
On the other hand, if the frequency of the vibrator is much higher than 60 cycles, e.g., 
150 cycles, the higher frequency will reduce the size of the vibrator transformer. It will 
still be somewhat larger than an equivalent 60-cycle power transformer. 
B. Flux density and primary turns. The flux density in a vibrator-transformer core 
is given by 
(1 + p) Fi 


= 108 li : 
Bmax 4NpARf xX 108 lines per square inch (33) 


in which £; = normal voltage of the battery, p = time efficiency, N, = total primary 
turns, A = cross-section of core in square inches, k = stacking factor of core, and f = vi- 
brator frequency. Flux density should be kept below 40,000 lines per square inch at 
normal battery voltage. A still lower figure may be desirable at higher frequencies because 
of core loss. 

C. Secondary turns. As a first approximation, use 


Desired d-c output volts 


ie N 
fhe OT oud IMS Battery volts (34) 
D. Current and wire size. The rms current in the secondary winding is 
0.707 X Lae 
I. = ———— (35a) 
8 Te 
The rms current in the primary winding is 
DAO SK Al N. 
Es re X Lae x 8 (350) 


Vp Np 


in which Jge = d-c load current of the secondary. Wire sizes should be chosen to have 
about 800 circular mils per ampere. Usually the primary has relatively few turns because 
the battery voltage is a low voltage. The primary wire size should be chosen so as to give 
2, 4, 6, or 8 even layers. This will place the center tap at the end of a layer, which is con- 
venient for multiple winding. 

E. Output voltage. The total resistance of the transformer and associated circuits, 
referred to the working half of the secondary, is 


N.\2 7. | 
rp = 2 + ty + r1) ae) + q + 73 ame (36) 
in which the r symbols indicate resistances, as follows: 7; = total primary, ry = vibrator 
contact, rz = battery leads, rz = total secondary, and r; = rectifier tube, if any. 

During the time that the vibrator contacts are closed, the secondary current = Iac/p. 
Then, the JR drop expressed in volts on the secondary is rr X Iac/p. 
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The no-load d-c voltage across the first filter capacitor is 
Ey = ak, — (37) 


a being a constant which takes care of imperfect contacts, primary and secondary contacts 
not exactly synchronized, etc., = 0.94 for synchronous rectifier, 0.98 for tube rectifier. 
Then the full-load d-c voltage across the first filter capacitor is 


ili 
| a 


(38) 
See T. T. Short and J. P. Coughlin, Try the Inverter Transformer, Elec. Mfg., June 1946; 
F. E. Terman, Radio Engineering, pp. 500-501; Mallory Vibrator Data Book. 


16. PULSE TRANSFORMER 


In radar work, iron-cored transformers are used, which have voltage impressed upon 
them for very short periods. These pulses are repeated at regular intervals, the time 
interval between pulses being perhaps 1000 times the pulse duration. Analysis of such 
pulse transformers cannot be made on a basis of Fourier analysis of the wave form because 
of the relatively great time interval between pulses. Each pulse is a separate transient, 
the effect of which dies out before the next pulse, except for core magnetization. 

If a voltage is applied suddenly to the primary, through a generator resistance such as 
the plate resistance of a modulator tube, then is held constant for a short time interval, 
and then is suddenly removed, the input voltage will be of square pulse shape. The trans- 
former will step up, or step down, this voltage, in accordance with its turns ratio, but the 
output voltage will not faithfully follow the square pulse shape. An appreciable time is 
required for the secondary voltage to build up from zero to its maximum value. This 
“rise time’’ is caused by the leakage inductance and capacitance of the transformer. Dur- 
ing the time that the input voltage is being held constant, the output voltage will be 
falling off, the amount of drop from a constant voltage value being inversely proportional 
to the primary inductance. When the input voltage is removed, the secondary voltage 
does not drop instantly to zero but drags out 
through several damped oscillations caused 
by the discharge of magnetic energy stored 
in the core through the winding capacitances 
and load resistance. Figure 24 illustrates 
the kind of deformation of a pulse that oc- 
curs when it is passed through a transformer. 


Input Pulse 


Voltage 


Wings See R. Lee, Iron-core Components in Pulse 
; Amplifiers, Electronics, August 1943, and 

Fie. 24. Deforming of Pulse Shape by Trans- J 2 ? , 5 
eS forner Rey R. Lee, Electronic Transformers and Cir- 


cutts, Wiley, Chapter IX. 

The pulse transformer has a number of unique features. Because of the very low-duty 
cycle, tremendous pulse power can be handled by a very small transformer. The require- 
ment of low leakage inductance is met by close spacing between the primary and secondary 
windings and by making the primary layer or layers exactly the same length as those of 
the secondary, even to the extent of winding several wires in parallel on the low-voltage 
winding. If a winding requires more than one layer, the conventional forward-and-back 
method of winding is not used; layers are all started from the same end to minimize 
capacitance between layers. 

The small physical size and the relatively few turns which are essential to obtain low 
leakage inductance together with very high pulse voltages make voltage gradients neces- 
sary that are unheard of in ordinary transformer design. For example, 200 or more volts 
per turn is not uncommon. This is accomplished by using.Formvar-coated wire and im- 
pregnating the transformer with transformer oil under a very high vacuum to remove 
every trace of air. 

High primary inductance is required, to keep the drop of voltage during the pulse to 
the minimum. A new conception of incremental permeability is necessary in calculating 
the inductance. All the pulses are of the same polarity; consequently the core is left in a 
partially magnetized condition, owing to remanence. The hysteresis loop described by 
the core has this remanent point as one of its ends. The shape of the loop is largely con- 
trolled by eddy-current loss when the pulses are very short, such as of 1 microsecond 
duration. Under these conditions incremental permeability is much lower than when a 
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core is operated with alternating current, and core material having low eddy-current loss 
is desirable. Ribbon cores of very thin silicon-steel ribbon, 1 to 3 mils thick, are very 
satisfactory for pulse transformer cores. ‘Their incremental permeability under micro- 
second pulse conditions is about 300. 


ELECTRIC WAVE FILTERS 


By A. J. Grossman 


A wave filter is a device for separating waves characterized by a difference in frequency. 
The general purpose of an electric wave filter is to separate sinusoidal electrical currents 
of different frequencies. Ideally, a filter transmits freely the currents of all frequencies 
lying within a specified range and excludes currents of all other frequencies. It may be 
used to transmit the intelligence contained in a certain band and exclude adjacent steady- 
state interference; combinations of filters may divide a wide frequency band into a number 


- of relatively narrow channels or may direct selected bands from one transmission path 


into two or more different paths. Except in the simplest forms, a filter is a composite 
network made up of several sections connected in tandem. Each section consists of 
simple arrangements of two-terminal reactance networks. These reactances are provided 
by combinations of ordinary coils and condensers, crystals, coaxial lines, and/or wave 
guides. 

The point of view developed by Bode, Campbell, Cauer, Foster, and others for the 
analysis of a network is to regard the combination of inductances and capacitances as a 
system excited by a vibratory disturbance to which the methods of particle dynamics can 
be applied. It is convenient to express the analysis in terms derived from the classical 
theory of wave propagation in continuous media. These terms are the image impedance 
and the image transfer constant. In this terminology a filter is described as a system 
having the following idealized properties. Signals lying within a preassigned frequency 
band are transmitted without reduction in amplitude. This band is bounded by cutoff 
frequencies at which there is an abrupt transition from free transmission to attenuation. 
The attenuation increases more or less rapidly with frequency as the departure from a 
cutoff increases. Concomitantly, the impedance is a pure resistance in the pass band and 
changes abruptly at a cutoff to a pure reactance. 

These idealized characteristics are approached in an actual filter inserted between 
resistance terminations. The insertion loss for frequencies in the pass band remote from 
the cutoff is essentially nil (apart from the effect due to dissipation in the components). 
As the cutoff is approached the loss increases. The transition from the theoretical pass 
band to the attenuating band is smooth. This transition interval can be made extremely 
narrow in an elaborate design. The cutoff is not a frequency at which there is an abrupt 
change from zero attenuation to a large value; it may mark the point at which there is a 
rapid change from a small to a large value of attenuation, but at a finite rate. This de- 
parture from the idealized characteristics arises from the fact that the filter is not termi- 
nated in its image impedances. In simple cases, the image impedance varies considerably 
with frequency, and, consequently, the input impedance of the filter has a non-constant 
resistance component and an associated reactance component. By careful design the 
image impedance may be maintained nearly constant over almost all of the pass band. 
Nevertheless, there is still the smooth, but rapid, transition of the input impedance from a 
predominantly resistive characteristic in the pass band to a predominantly reactive char- 
acteristic in the attenuating band. The usual types of filters are low-pass, high-pass, and 
band-pass. 


17. INTRODUCTION 


A general filter network may be represented by a box, as in Fig. 1, having two pairs of 
accessible terminals. The performance of this network is described in terms of its image 
impedances and image transfer constant. The image imped- 
ances are defined as those impedances with which the network 
must be terminated so that there will not be reflections at the 
junctions 1-1’ and 2-2’. That is, when the terminating im- 

edance, Z;,, is connected across 1-1’, then the impedance : 
piceouned at the 2-2/ terminals is Z I); and, similarly, when Fee ate Sucre Bikes Net 
Z1, is connected across 2—2’, the impedance measured at 1-1’ 
is Z I The image transfer constant, 0, is defined to be equal to one-half the natural loga- 
rithm of the ratio of the volt-amperes flowing into the network to the volt-amperes flowing 
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Fie. 2. Design Information for 


out of the network when the network is terminated in its image impedances. These quanti- 
ties are an exact measure of the performance of the filter only if the actual terminations 
are equal to the image impedances. In a practical design, account must be taken of reflec- 
tion and interaction effects arising from the mismatch between the terminating impedances 
of the filter and its image impedances. These effects may be evaluated by the method 
described in Section 5. They will not be considered in detail here. It will be assumed 
that the performance of the filter is described by its image transfer constant. 
By writing the mesh or nodal equations for the network, it may be shown that: 


Z1, = VZaZ0 (1) 
ZI, = Nira (2) 


tanh @ = Za = Zea 
NZ NZ @) 


where Zq is the impedance measured at the 1-1’ terminals when a short circuit is placed 
across the 2—2’ terminals, and Zo is the impedance measured at the 1-1’ terminals when 


the 2-2’ terminals are open. The short- and open-circuit impedances Z.2 and Zo. at the 
2-2’ terminals are measured similarly. 
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Two-terminal Reactive Networks 


The short- and open-circuit impedances are driving point impedances of a purely re- 
active network. The requirements on such an impedance are (by Foster’s theorem): 

It is an odd rational function of the frequency, w/27, which is completely determined, 
except for a constant factor, H, by assigning the resonant and antiresonant frequencies, 
subject to the condition that they alternate and include both zero and infinity. Such an 
impedance function may be physically realized by several canonical structures, among 
them a combination of antiresonant circuits connected in series and a combination of 
resonant circuits connected in parallel. 

Figure 2 illustrates the four possible reactance functions which are distinguished by 
their behavior at zero and infinite frequency. The series-type networks are specified in the 
left-hand column, and the parallel type in the right-hand. The number of elements in each 
configuration is the minimum, and equal to the number of critical frequencies plus 1. 

The operations required to evaluate an expression such as 


(wor? a w)Z @= wok 
1 ; 
are to be performed in the following sequence: (1) multiply Z by 3 ue a ; (2) cancel the 


common factor (a2 — «*): (3) replace w by on. 
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Illustration. 
H(w? — w?) (w3? — w’) 


T= 
Jo(w2? — w?) (w4? — wa) 


This is realizable with the second pair of networks. For the series type: 
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18. PROPERTIES OF THE IMAGE PARAMETERS 


GENERAL CONDITIONS. In the pass band of a filter, the image impedances are 
positive real quantities, or resistances; the image transfer constant is pure imaginary, which 
signifies phase shift with zero attenuation. In the attenuating region, the image imped- 
ances are pure imaginary, or reactances; the transfer constant has a positive real compo- 
nent, which signifies attenuation. 

COINCIDENCE CONDITIONS. According to eqs. (1) and (3), the image impedance 
at one end of the network, and the transfer function, depend only on the short- and open- 
circuit impedances measured at that end. Typical expressions for these impedances are: 


Hy (a? — w*) (az? — ow) +++ (Gn? — @) 
Za = = 2 MD 2 2 2 (4) 
Jo(ae? — ow”) (az? — a) +=+ (Qn = @) 
Ha(bi? =?) (622 =o?) (2 — ow?) 
2 =~ 499 2) (b,2 2 2 (5) 
joo(b2? — ow) (bs? — w*) +++ (641? — w?) 
where ay, a3, as, *** are values of the angular frequency at which the short-circuited net- 
work is resonant, and ap, a4, -*: are values of the angular frequency at which it is anti- 


resonant. Similarly, the b’s with odd subscripts are the resonant, and the b’s with even 
subscripts the antiresonant, angular frequencies of the network when the far end is open- 
circuited. 

The expressions for the image impedance and transfer constant obtained with these 
impedance functions are: 


AH, (ay? — @) +--+ (an? — @&) (by? — w*) +++ (62 — &?) 


Dae ; 
Z1, | GP iP), oem a2 OD O82 ee), 2s ol Op aa? ce?) (6) 
A, (ay? — w) +++ (dm? — w) (bo? — w) +++ (bx? — w?) 
OT) ; ‘ 
tanh? 6 H, Ge — oo), t= oF) (62 — w) --- (62 — w) (7) 


The statement of the general conditions on the image parameters indicates that the 
network transmits freely when Z Tae is positive and tanh? @ is negative; it attenuates those 
frequencies for which Z7,” is negative and tanh? @ is positive. In general, the expressions 
(6) and (7) change sign as the frequency passes through each a and b, and the network has 
a multitude of pass and attenuating bands. In order that the network be a filter which 
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PROPERTIES OF THE IMAGE PARAMETERS 
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passes one continuous band of frequencies and attenuates all other bands, it is necessary 
to place certain evident restrictions on the critical frequencies of its short- and open-circuit 
impedances. If, for example, a; = b: = «1, the factors (a? — w*) and (b;? — w*) cancel 
each other in tanh? @ but form the factor (wi? — w*)? in Z7,2. In either event, as w passes 
through the value w; the sign of the expression does not change. It follows that the 
elements of the network must be so chosen that all the a’s are equal to, or coincide with, 
b’s except possibly in two cases. These exceptional cases correspond to cutoff frequencies 
at which the network changes from a condition of free transmission to attenuation, or vice 
versa. These transition points may be two a’s or two b’s or one a and one b. 

For the typical short- and open-circuit impedances under consideration, it is seen from 
(6) and (7) that Z Te is negative and tanh? @ is positive at zero frequency. That is, the 
filter attenuates zero frequency. This condition will continue over a frequency band pro- 
vided that a; = bi, a2 = bs, or, in general, a; = b;. The attenuation band is terminated 
at a cutoff frequency by locating an a at that frequency without a corresponding b, or 
vice versa. In either case, if a continuous pass band is to extend beyond the cutoff, it is 
necessary that the subsequent coincidences of critical frequencies be of a type specified 
by the formula a; = b;+1, since the sequence either of a’s or of b’s has lost a step at the 
cutoff. The pass band may continue to infinite frequency or it may be terminated at a 
second cutoff. This cutoff may be specified by either an a or ab. Then the coincidences 
in the attenuating band above this cutoff are given by the formula a; = b; or a; = bj4o. 
The first relation holds if one cutoff is an a and the other a b; the second, if both cutoffs 
are a’s or b’s. 

Inspection of eqs. (6) and (7) leads to the following conclusions: (a) coincidences of the 
type a; = b; and a; = b;42 produce double zeros or poles in Zi; but cancel out in tanh? 6; 
(b) coincidences of the type a; = b;+4: produce double zeros or poles in tanh? @ but cancel 
out in Z7,’; (c) critical frequency coincidences of the first type produce image-impedance- 
controlling factors; those of the second type produce transfer-constant-controlling factors. 

SUMMARY OF PROPERTIES OF THE IMAGE PARAMETERS. 

1. Tanh? 6 is the ratio of two impedance functions of a reactive network, and Z/* is the 
product of two such functions. Tanh? @ and Z/* contain only double zeros and poles except 
possibly for two zeros or poles, which are simple. 

2. The simple zeros or poles represent cutoff frequencies and occur at positive values 
of w*. They are the same for the two expressions except for the possibility that either or 
both may be a zero in one expression and a pole in the other. 

3. The zeros and poles of tanh? @ alternate with each other in each continuous pass 
band; the zeros and poles of Z/* alternate with each other in each continuous attenuating 
band. The step between bands may interrupt the alternation since the cutoffs may both 
be zeros or both poles. 


Illustration. Examples of expressions for the short- and open-circuit impedances and the image 
parameters are given in Fig. 3. The frequency pattern is a convenient schematic representation of 
these functions. It is a plot of the location of the zeros and poles of a function in the frequency scale. 
The conventions are: circles denote zeros of the function (or resonances of the impedance); crosses 
denote poles of the function (or antiresonances of the impedance); squares represent cutoffs. These 
diagrams serve to illustrate the properties of the image parameters summarized above. The network 
configurations shown in the table are “‘possible’’ in the sense that they will be obtained for an appropriate 
choice of the multipliers Hj and H2 and the critical frequencies of the short- and open-circuit impedances. 


19. OPEN-CIRCUIT TRANSFER IMPEDANCE 


Two important filter theorems, due to H. W. Bode, can be derived from the properties 
of the open-circuit transfer impedance. This impedance, designated Zo, is the ratio of 
the voltage appearing across the open output terminals of the network to the current fed 
into the input terminals. For a purely reactive network, this impedance function has real 
coefficients and is imaginary at real values of frequency. It is expressed in terms of the 
short- and open-circuit impedances by: 


Zor = ZZ — ZZ = ZaiZo. — ZouZor (8) 
By use of eqs. (1)—(8), this may be written: 
1 
Zo = (21,2 ——— — 
012 (21,21) ( Tanne 1) (9) 


Since Zo12 is imaginary along the real frequency axis, Zo1® must be negative there. Conse- 


quently, if 77,27, changes sign, then Th a 1 must change sign at the same time, and 


conversely. 
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in the pass band, the image impedances are resistances, and the transfer constant is 
imaginary, and so the requirement on Zp.” is satisfied. In the attenuating band where 
the image impedances are reactances, and tanh @ is real, there are two possibilities: 

(a) If the image impedances are reactances of the same sign, the product Z1,2 1, is 
negative. Therefore, tanh 0 must be equal to or less than unity. This interval will be 
called a type I attenuating band and will be designated ABI. 

(b) If the image impedances are reactances of opposite sign, Z1,Z1, is positive. There- 
fore, tanh 6 must be equal to or greater than unity. This interval will be called a type II 
attenuating band and will be designated ABII. 


20. TRANSFER CONSTANT THEOREM 


The transfer constant of any physically realizable filter is uniquely determined by the cutoff 
frequencies and by the frequencies of infinite attenuation. 

The frequencies at which the attenuation is infinite are the roots of the equation 
tanh@ = 1. In practice, they are found by determining the roots of the equation 


tanh? @ — 1 = 0. The number of roots in terms of w? is equal to the number of pole-zero 


intervals of tanh @ in the pass band or, equivalently, the total phase shift in radians divided 
by 7/2. From a consideration of the properties of the open-circuit transfer impedance, 
it is deduced that the admissible roots of a physically realizable filter are the following: 
(a) roots of even multiplicity located at positive values of w*; (b) roots of even multiplicity 
located at negative values of w’; (c) roots of even multiplicity located at conjugate complex 
values of w?; (d) roots of odd multiplicity located at positive values of w. As the later 
discussion shows, filter sections having roots of even multiplicity are the rule rather than 
the exception. They are symmetrical sections, for which the restrictions on the image 
impedance are the minimum. They are usually designed to have the simplest image 
impedances. 

There are two additional restrictions on the expression for tanh @: (a) If zero or infinite 
frequency lies in a pass band, tanh 0 must have a zero at this frequency; (b) if zero or 
infinite frequency lies in an attenuating band, tanh # must be equal to or less than unity 
at this frequency; in particular, tanh 6 = 1, if this frequency lies in an ABII. 

The significance of the above theorem is that if an expression for tanh @ is found which 
contains the chosen cutoff frequencies, and is equal to unity at the chosen (admissible) 
frequencies of infinite attenuation, it is the only such expression that does exist, and it will 
lead to a physically realizable filter. Such an expression can always be found. 


Illustration. (a) Test the expression 


jo 2 — w 


tanh @ = 
1 — 
for physical realizability. The equation tanh @ = 1 has two roots. By forming 
atk? Oo To ay 
(1 — w?)? 


both are found to be located at w” = ~. Therefore, this expression has a physical representation. 


(b) Test the expression 


MSS 


tanh 6 = 7 


l1—w 
for physical realizability. From 


—(1 + o’) 
Sieh abies Ol Se) AS Oy 
tanh Gao? 


it is seen that there is a single root at w” = —1 and another at w? = », Therefore, this expression 
for the transfer constant is not realizable. 


21. IMAGE IMPEDANCE THEOREM 


The second image impedance of a filter is uniquely determined at all frequencies, except for 
an arbitrary constant multiplier, by the transfer constant and the first image impedance. 

This theorem may be demonstrated by an examination of the properties of the open- 
circuit transfer impedance. The formation of the expression for the second image imped- 
ance is accomplished by the application of the following rules: 

(a) At the boundary of a pass band and ABI, the cutoff factor appears in the numerator 
of tanh @ and in the numerator or denominator of both Z7, and Zig. 
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(b) At the boundary of a pass band and ABII, the cutoff factor appears in the denom- 
inator of tanh 6 and in the numerator of one image impedance and in the denominator of 
the other image impedance. ’ 

(c) At the boundary, ABI/ABII, of the two types of attenuating bands, the equation 
tanh? 6 = 1 has a root of odd multiplicity One image impedance must have a zero, or 
pole, at this frequency which does not appear in the other image impedance. 

(d) All other zeros and poles of one image impedance give rise to corresponding zeros 
and poles (or poles and zeros) in the second image impedance. Attention must be given 
to the requirement that the zeros and poles of each impedance alternate in an attenuation 
band. 

(e) Roots of even multiplicity can be introduced in (tanh? 8 — 1) without regard to the 
image impedances. 


Illustration. The expressions for the transfer constant and the image impedance at one end of a 
band-pass filter are: 


where « is the lower cutoff, and w2 the upper cutoff. The region from zero frequency to w; is an ABI, 
and, by rule (a), the cutoff factor corresponding to w; appears in the denominator of Z1,. The region 
from w:2 to infinity is an ABII, and, by rule (6), the cutoff factor corresponding to w2 appears in the 
denominator of Z1,, The expression: 
A ES He 
tanh*‘@—1 = aD EEE 
25 = a: 
has one root in w’, and that is at infinity. Thus, there are no other internal zeros or poles in ZI 
Finally, with the aid of rule (d), 
= Kjw 
V (or? = w) (w2? — w) 


The elements of the filter may be found from the short- and open-circuit impedances: 


ZI. 


2 


H Zs1 = Z1, tanh 6 = Hjw 
Lo——_—— 2 A Z1, * Phos? oie) 
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H (w5—w?) Zs. = Z1, tanh 6 = es 
1 ye ieee coe me de 
Fia. 4. Illustration for the Method of Obtain- tanh @ = 1? — ? 


ing the Second Image Impedance from the , ; i 
Transfer Function and the First Image Im- The network obtained by setting K = H(w2” — w”) is 
pedance shown in Fig. 4. 


22. THE GENERAL COMPOSITE FILTER 


As exemplified by the preceding illustration, a possible filter design method consists of 
setting-up physically realizable expressions for the desired transfer constant and image 
impedance at one end of the filter. Then, the expression for the second image impedance 
is found with the aid of the rules associated with the image impedance theorem. The 
corresponding short- and open-circuit impedances are computed. From these, it is possible 
to find the elements of the filter. In general, this may require some ingenuity. 

The design method which is used most frequently is based on the fact that every filter 
can be regarded as the 
combination of certain ele- 
mentary sections. As 
shown in Fig. 5, the com- 
posite filter is made up 
of -V elementary sections 
connected in tandem. Sec- Fic. 5. The General Composite Filter 
tion A provides one or 
more frequencies of infinite attenuation (in terms of w?) and has the image impedance Z if 
specified for the input side of the filter. The secondimage im pedance Z,, is deter- 
mined by Z1, and the roots of (tanh 6 = 1) provided by section A. Section B has 
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the image impedance Z 1, to match A and provides one or more of the remaining fre- 
quencies of infinite attenuation. Its other image impedance is Z Tye The last section has 
the image impedance Z I,, consistent with the specification of Z Ty and all the frequencies 
of infinite attenuation, that is, all the roots of tanh @ = 1. 

The first step in the application of this design method is the selection of the terminating 
sections to furnish the desired image impedance. They provide a simple image impedance 
(i.e., one without impedance controlling factors) at their inner pairs of terminals. These 
sections correspond to A and N in Fig. 5. The transfer constant contributed by these 
sections is subtracted from the required overall transfer constant. The balance is supplied 
by elementary sections of known transfer constant characteristics which have simple image 
impedances. These are inserted between the terminating sections. 

An alternative design procedure is applicable where it is convenient to establish a 
physically realizable expression for the transfer function, tanh 6, which meets the require- 
ments of the design objective. Such a case arises, for example, if the objective is to attain 
linearity of phase over the pass band; another objective which can be handled in this way, 
as will be described later in this article, is to provide a prescribed minimum of attenuation 
over a specified interval of the attenuating band. The next step in the design is the 


- determination of the frequencies of infinite attenuation by solving the equation tanh @ = 1. 


Then these frequencies are assigned to the appropriate elementary sections, and the sections 
are assembled to form a composite filter. 

These design procedures are facilitated if there is available a list of the characteristics 
and element values of the elementary sections and the terminating sections. Such a 
tabulation should contain sections which provide double positive and negative roots in w®, 
double pairs of conjugate complex roots, simple positive roots. In general, the double 
roots correspond to the elementary symmetrical sections which form the main body of 
the filter, and the simple roots correspond to the unsymmetrical sections which are used 
for terminations. The tabulations of these sections are discussed in the following two 
paragraphs. 


23. SYMMETRICAL SECTIONS 


The problem associated with the design of symmetrical filters is much simpler than the 
general design problem. The configuration which is convenient for analysis is the lattice, 
shown in Fig. 6. From the fundamental eqs. (1)—(8) 
for the image parameters, it may be shown that: 


ZI = MORE (10) 

8 Ze ; 

a ete 11 
tanh 5 Z, (11) 


By identifying Z, with Z, and Z, with Zoi, the anal- 
ysis in terms of critical frequencies, given in article 18, 
is directly applicable. The restrictions on Z; and tanh 
6/2 are simply those summarized there for Z; and 
tanh 6. The only distinction is that the resulting 
transfer constant, 0, of the lattice is twice the value 
6/2 appearing in eq. (11). The restrictions contained ye 6, The General Grrometrical 
in the transfer constant and image impedance theo- Lattice Configuration 

rems are satisfied since all the roots of (tanh @ = 1) 

are of even multiplicity. This means that the expressions for the transfer constant and 
image impedance can be chosen independently except for the cutoff frequencies which are 
the same in the two expressions. The branch impedances are: 


6 : 

Zz = 41 tanh 5 (12) 
Zr 

a ¥ 13 

4y tanh (0/2) Gs) 


These impedances satisfy the requirements of Foster’s theorem and may be developed into 
the structures listed in Fig. 2. 

It is evident that these branches will contain a large number of elements for all but the 
simplest filters. Since attenuation is obtained by bridge balance, these elements must 
be held to close limits if the required attenuation is great. Consequently, though the 
lattice is much used in theoretical work, it is usually converted, when possible, to other 
configurations. The first step in the conversion process is to apply the concept of the 
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Za Za 
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Fia. 7. Conversions of the Symmetrical Lattice 
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Fig. 8. Design Information for Elementary Symmetrical Low-pass Filter Sections 
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Fig. 9. Design Information for Elementary Symmetrical High-pass Filter Sections 
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composite filter. Then, after the original lattice is separated into a combination of the 
simplest lattices, these, in turn, are converted to other configurations. Some of the most 
useful conversions, based on Bartlett’s bisection theorem, are given in Fig. 7. (Broken 
lines are used to simplify the drawings. It is understood that the lattice branches repre- 
sented by these lines are duplicates of the corresponding ones shown explicitly.) 
ELEMENTARY STRUCTURES. The elementary symmetrical sections which pro- 
vide the double positive and negative roots required in forming a composite filter are 
listed in Figs. 8, 9, 10. Since a double root of (tanh? @ — 1) corresponds to a simple root 


of { tanh? ; — 1), it is possible to use the more convenient expression, tanh (6/2), in 


describing these sections. Each of the configurations provides one double peak of infinite 
attenuation. The associated image impedances are the simplest possible. The transfer 
constant, 6 = a + j6, where @ is the attenuation constant in nepers, and 6 is the phase 
constant in radians, is computed from the expression for tanh (0/2). If the arithmetical 
value of this expression is denoted by Q, then, in the pass band: 


0 
ho=j 
tan 3 IQ 


a=0 


B = 2 arc tan Q; (2 > 0) 


In the attenuating band: 
0 
tanh 5 =Q; (Q=>0) 


There are two possibilities, depending on the value of Q relative to unity. Either: 
a= 2argtanhQ; (Q <1) 
Bp —O0 


or 
a = 2arg tanh 5; (Q => 1) 
B= +47 


The element values specified in these tabulations, as well as all that follow, apply to the 
filter sections as drawn. That is, each section is considered to be a building block in the 
composite filter. For example, if two lad- 
der-type mid-series terminated sections 
having the same image impedance are 
joined together, the intermediate series 
impedance becomes equal to the sum of 
the values given in the figures; similarly, 
if two ladder-type mid-shunt terminated 
sections are joined together, the inter- 
mediate shunt admittance becomes equal 
to the sum of the values given. 

Figures 8 and 9 contain the design in- 
formation for low-pass and high-pass sec- 
tions, respectively. The cutoff frequency 
is denoted by f- and the frequency of in- 
finite attenuation by f,. The image im- 
pedance is equal to R at zero frequency 
for the low pass, and at infinite frequency 
for the high pass. The sections numbered 
(1) and (3) provide double peaks of atten- 
uation at real frequencies. They are the 
m-derived sections introduced by O. J. 
Zobel. The special case for which m = 1 
is the constant-K section. Sections (2) 
and (4) provide double peaks at real fre- 
quencies for values of the parameter m 
lying in the range 0 < m < 1, and dou- 
ble peaks at imaginary values of frequency 
Fria. 11. Combination of Two Lattice Sections {i-€-, negative values of w*) for values of 

Which Have the Same Image Impedance m greater than unity. 
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The elementary band-pass sections are shown in Figs. 10a and b. The lower cutoff 
frequency is denoted by fi, the upper cutoff by fo, and the peak of infinite attenuation 


by fo. The image impedance is equal to R at the mid-band frequency, fm = Vfifo. A 


Type Image Impedance Configuration 


Le ff 
pin Leis 


7 


Low-pass 


a Vie 


High-pass 


ifR 
V fer — f? 


LW GOS FY GE SD 
If(f2 — fi) 


OMIOEIAC irae OLAS 
(fi? — f°) (fo* — f) 


Band-pass 


AR. ifr —f 


if Nf —f 


Wan WBE Sie 


fp NAt-f? 


Fig. 12. Elementary Constituents of the General Composite Filter Which Provide Attenuation Peaks 
at Complex Values of Frequency 


uniform definition for the parameter m is used throughout, with the result that the range 
of values is extended beyond the conventional zero to unity. The odd-numbered sections 
in Fig. 10a correspond to the usual m-derived sections which have a peak of attenuation 
below the lower cutoff. The special cases, for which m = 1, are the so-called three- 
element type band-pass sections having a peak at zero frequency. The lattice sections 
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provide a peak below the lower cutoff for 0 < m < 1, and a peak above the upper cutoff 
for fo/fi < m < ». For the range 1 <_m < fo/fi, the peak is located at an imaginary 
value of frequency. In all cases, the phase shift is (—7) radians at ff and zero at fo. 

The odd-numbered sections in Fig. 10b correspond to the usual m-derived sections which 
have a peak of attenuation above the upper cutoff. The three-element type sections having 
a peak at infinite frequency are special cases, for which m = f2/fi. The lattice sections are 
the same as those shown in Fig. 10a except that the branches are interchanged. In all 
cases, the phase shift is zero at fi, and (+7) radians at fr. 

The elementary sections which provide the double pairs of conjugate complex roots 
have a double peak of attenuation at the complex value of frequency, f., and a double 
peak at the conjugate value, f... They can be derived by combining two lattice sections 
of the type tabulated in Figs. 8-10. The method for combining two symmetrical lattice 
sections which have the same image impedance is shown in Fig. 11. By using the defini- 
tions for the parameter m given in the previous figures, a complex value, m = m, + jm, 
is obtained for the section which provides the peak at the complex value of frequency, f.; 
the conjugate complex value, m = m — jm», is obtained for the section which provides 
the peak at the conjugate complex value, f,.. (The real part, m, must be positive.) The 
elements of the individual lattice sections are proportional to m and m, and their recipro- 
cals, and therefore are complex quantities. However, upon combining the two sections, 
the resulting elements are ordinary coils and condensers. These sections are displayed 
in Fig. 12. 


24. UNSYMMETRICAL SECTIONS 


The unsymmetrical sections provide the simple positive roots of (tanh? 6 — 1) in terms 
of w*. Generally, they are viewed as the means for converting the simple image impedance 
of the main part of the composite filter into an image impedance which approximates as 
closely as required to a constant value, equal to the resistance in which the filter is termi- 
nated. For low- and high-pass filters, the conversion is from a constant-K type image 
impedance to one having one or more impedance-controlling frequencies. For band-pass 
filters, there is a greater variety of possibilities. However, as a practical matter, the 
terminating sections are usually designed to convert a constant-K image impedance into 
one having one or more pairs of impedance-controlling frequencies. The product of the 
frequencies making up a pair is equal to the square of the mid-band frequency. For com- 
pleteness, it is necessary to have available the simple sections which convert a three- 
element type image impedance into the geometrically symmetrical constant-K type. 

The design information for the simple sections which are used to obtain either a mid- 
series or mid-shunt constant-K image impedance is given in Fig. 18. They are all ‘‘half- 
sections,’’ and the element values apply to the sections as drawn. Comparison of the 
formulas for the element values and image impedance of the three-element band-pass 
sections with those given for the special cases in Figs. 10a—b shows that they differ by a 
factor which is a function of the cutoff frequencies. This arises from the fact that the 
symmetrical sections are designed to give an image impedance equal to R at the mid-band 
frequency, while those in Fig. 13 satisfy this condition only at the constant-K end of the 
structure. Hence, the impedance level of one or the other must be changed by the factor 
specified in the lower part of Fig. 13 before they can be joined without reflection. In 
general, the level of the symmetrical sections is changed so that the constant-K impedance 
of the terminating section has a mid-band value equal to the termination. For example, 
the inductances of sections 7 and 8 of Fig. 10a are multiplied by the factor (f2 + fi) /f,, 
and the capacitances divided by this factor, if the section is joined to the first band-pass 
section of Fig. 13. 

m-DERIVED SECTIONS. The design information for terminating sections which 
present a constant-K image impedance at one end and an image impedance having one 
controlling frequency (or one geometrically symmetrical pair) at the other end is given 
in Fig. 14. It follows from the rules associated with the image impedance theorem that 
the low- and high-pass sections have one simple attenuation peak at the impedance con- 
trolling frequency, and the band-pass sections have a geometrically symmetrical pair. It 
is convenient to use a universal frequency variable, denoted by z, in the description of all 
the sections. The definition of this variable for each type of filter is included in the figure. 
For the low-pass sections, the pass band extends from « = 0 to +1, and the attenuation 
band from x = +1 to plus infinity. For the high-pass sections, the pass band extends 
from « = 0 to = —1, and the attenuation band from x = —1 to minus infinity. For 
the band-pass sections, the pass band extends from x = —1toz = +1 with the mid-band 
at x = 0; the attenuation band above the upper cutoff extends from + = +1 to plus 
nie while the attenuation band below the lower cutoff extends from « = —1 to minus 
infinity. 
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The choice of a particular value of the parameter m is dictated by the image impedance 
characteristic that is desired (on the assumption that the location of the associated atten- 
uation peak is satisfactory). Several characteristics are shown in Fig. 15 including the 
constant-K type, for which m = 1.0. These curves exhibit the course of the mid-series 
image impedance and the mid-shunt image admittance as a function of the frequency 
variable, x. A generally satisfactory value of the parameter is m = 0.6. It is seen that 
the image impedance of this section remains within about 4 per cent of a constant value 
over 87 per cent of the pass band. The actual impedance measured at the terminals of 
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Fic. 15. Image Impedance Characteristics of Several m-derived Filter Sections 


the filter is identical with the image impedance only if the other end of the filter is termi- 
nated in the image impedance at that end. A general formula for computing this im- 
pedance is 

Ri + Z1, tanh ll 


Z. Zul 7a + R, tanh 0 

where Z; is the image impedance at the end of the filter for which the driving point im- 
pedance Z is being calculated; Z7, is the image impedance at the far end which is termi- 
nated by the load impedance R;; and @ is the total image transfer constant of the complete 
filter. Hvidently, if 77, = Ri, then Z = ZI, 

TWO-FREQUENCY CONTROL SECTIONS. Terminating sections which present 
an image impedance having two controlling frequencies may be derived in a number of 
ways and exist in various forms. The sections listed in Fig. 16 serve as a direct transition 
from a constant-K image impedance to a ‘“‘two-frequency control’’ image impedance. 
They are units consisting of four branches which cannot be separated at any internal 
junction, even though they have the structural appearance of 1 1/2 section m-derived 
filters. The low- and high-pass sections have two simple attenuation peaks, and the 
band-pass have two geometrically symmetrical pairs of simple peaks. The behavior of 
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the image impedance depends on the choice of the parameters, 7m and 7m. Since the usual 
objective is to obtain an impedance which approximates closely to a constant resistance, 
these parameters may be determined most easily by the method described in the next 
section. 


25. TCHEBYCHEFF TYPE CHARACTERISTICS 


In the preceding two sections, attention has been directed at the building blocks that 
make up a composite filter. These elementary units can be assembled to give a great 
variety of characteristics. The characteristics desired in a filter design depend, of course, 
on the particular use for which the filter is intended. Many applications include the re- 
quirement that the image impedance should be substantially constant over a prescribed 
portion of the pass band. Another frequent specification is that the attenuation exceed a 
given value at all frequencies more than a certain distance beyond the cutoff. An equiva- 
lent statement of these requirements is: (1) the image impedance function, Z7/R:z, should 
approximate to unity over a pre- 
assigned interval of the pass 
band; (2) the image transfer func- 
tion, tanh 0, should approximate 
to unity over a preassigned inter- 
val of the attenuating band. 

A desirable approximation is 
one for which the maximum de- 
partures of the function from 
unity are the minimum. This is 
known as the Tchebycheff ap- 
proximation, proposed originally 
by W. Cauer for this application. 
In this type of approximation, 
as illustrated in Fig. 17, the func- 


oa £ for low-pass filter tion winds about unity in such a 
a : 
ft way that all the maximum values 
z= 7 for high-pass filter (U) are equal, and all the mini- 
A } mum values (1/U) are also equal. 
_ fe tin for band-pass, filter Unity is the geometric mean of 
f(f2 — fi) the maximum and minimum val- 
Fic. 17. The Tchebycheff Type of Approximation to a Con- UeS. The number of intersec- 
stant Value tions with unity is determined by 


the degree of the function. 

ATTENUATION CHARACTERISTIC. The image transfer function, tanh (6/2), of a 
symmetrical filter is written in terms of the frequency variable, 1/z. The critical frequen- 
cies and the constant multiplier are so chosen that the function is constrained to lie between 
the limits U and 1/U, in the frequency range from 1/k to infinity, as shown in Fig. 17. 
The intersections with unity correspond to peaks of infinite attenuation; the equal values 
of minimum attenuation, Ao, are equal either to 2 arg tanh U, or 2 arg coth U. Fora 
given number of filter sections, there is a definite relation between k and Ao. 

This relation is presented in chart form in Fig. 18. The parameter, N, is equal to the 
number of transfer constant controlling factors in the image transfer function. The 
number of m-derived low- and high-pass filter sections, Figs. 8 and 9, is equal to (NV + 1); 
the number of m-derived band-pass sections, Figs. 10a and 10b, is [2(N + 1)]. The 
horizontal scale of this chart is spread out considerably for values of k near unity by using 
the variable a defined by the equation k = sina. The data required for making up this 
chart may be obtained from the following set of computations: 


(1) @ = arcsink 
(2) op eee 
1 + cos a 
(3) g@=e+ 2% + 1569 + «ee 


i 
(4) Ap = 20(N + 1) 5S —6.0 (in db) 
This relation, derived by S. Darlington, gives a result good to within 0.1 db provided Ag 
is greater than about 6 db. A table of log g vs. @ is contained in Funktionentafeln by 
Jahnke and Emde. This may be used in place of (2) and (3). 
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It is not likely that arbitrarily chosen values of Ao and a@ will lie on one of the curves. 
Thus, a compromise must be made between minimum attenuation and the interval of 
the attenuating band that is covered. For example, if a filter is to be designed to attenuate 
frequencies above x = 1.10 by about 60 db, a choice must be made among the possibili- 
ties: Ao = 52 db, a = 65°, 1/k = 1.10, N = 2; Ao = 60 db, a = 58°, 1/k = 1.18, N = 2; 
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Fie. 18. Design Chart for Determining the Number, N, of Frequency Control Factors Required for 
a Specified Reflection Coefficient or Minimum Attenuation 


Ao = 60 db, a = 73°, 1/k = 1.045, N = 3. It is customary to design to a value of min- 
imum attenuation which is 6 db greater than the desired minimum insertion loss. This 
allows for 3 db reflection gain at each end of the filter, which is the maximum value that 
may be realized. 

The design formulas for the element values are expressed in terms of the impedance level, 
R, the cutoff frequency or frequencies, and the parameter, m. At this point it is assumed 
that the first two quantities are known. The values of m are determined from the fre- 
quencies of infinite attenuation. They are given by: 


Gy 38 (2s — 1)K ; = Le 
© = ksnf SHOE |; SS 1h, hy »,N+1 


where sn denotes an elliptic sine function of modulus k, and K is the complete elliptic 
integral of the first kind. Each choice of the index s specifies an attenuation peak at the 
frequency corresponding to 2s. 

The evaluation of the sn function can be performed by means of elliptic integral tables. 
However, a preferred method is to use the approximation: 
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The actual peak frequencies used in the definition of m in Figs. 8, 9, 10 are obtained 
from the normalized frequency for each type of filter from the following relations: 


(a) low-pass foo = Sets 
(6) high-pass fo = & 
(c) band-pass feo = fmlDzs + V1 + (Das)"];_ (>f) 
fo = fml—Das + V1 + (Dae)"];_ (<A) 
Dears 
fm = Viihe 


The band-pass attenuation characteristic is geometrically symmetrical about the mid- 
band frequency. That is, the attenuation at a frequency, fz, above the upper cutoff is 
the same as the attenuation at the frequency f_z = fm?/fz below the lower cutoff. Instead 
of designing the four-element band-pass sections, Fig. 10, it is more convenient and 
economical to use the six-element sections described in Fig. 14. Two half-sections must 
be joined together to realize the performance predicted by the above design method. It 
is to be noted that the parameter, m, is expressed directly in terms of 2s. 

IMAGE IMPEDANCE CHARACTERISTIC. The image impedance function is written 
in the form Z;/R, in terms of the frequency variable x. The terminating resistance is 
denoted by R;. The critical frequencies and the constant multiplier R are chosen in such 
a way that the function remains within the limits U = R and 1/U = 1/R over the fre- 
quency range from zero to k, as shown in Fig. 17. Perfect match points correspond to the 
intersections with unity. Because of the reciprocal nature of the departures from unity, 
it is evident that the maximum departures of the magnitude of the reflection coefficient 
from zero are all equal over the approximation interval. 

The relation between the reflection coefficient, p, and the pass-band interval, k, within 
which the reflection coefficient does not exceed the prescribed limit is presented in Fig. 18. 
(The scale chosen for the reflection coefficient is not a convenient one. However, it can 
be easily transformed into the db scale in accordance with the relation Ap = 20 log 
(100/p), where p is in per cent, and Apo in decibels.) The parameter N is equal to the 
number of impedance controlling factors in the expression for the image impedance. For 
the constant-K sections, Fig. 13, N = 0; for the usual m-derived sections, Fig. 14, N = 1; 
and for the “‘two-control”’ terminating sections shown in Fig. 16, N = 2. 

The element values for the terminating sections depend on the cutoff frequencies, the 
impedance level, and the parameter m. It is assumed here that the cutoff frequencies 
are known. The impedance level is specified by: 

Kis Wet Sie 


Bylo pW thw Mpa 
where FR; is the terminating, or load, resistance, and p is the absolute value of the reflection 
coefficient (not in per cent). The first relation is used for a mid-series type impedance 
when WN is even, and for a mid-shunt type when JN is odd; the second relation is used for 
the other two possibilities. 

The values for m are determined in terms of the frequencies of infinite attenuation. 
These are specified by: 
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The following approximation is usually more satisfactory for evaluating these peak fre- 
quencies than the use of a table: 
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Illustration. The application of this techniaue to the design of a band-pass filter serves to clarify 
some of the details of the procedure. It is assumed that the lower cutoff is 12 ke and the upper cutoff 
is 16 ke. The minimum insertion loss should be at least 52 db above 16.4 ke, and below 11.6 ke. The 
reflection coefficient should be less than 1 per cent between 12.1 and 15.9 ke. 

The terminating sections are designed first, so that the attenuation which they contribute may be 
deducted from the 58 db requirement (allowing 6 db for reflection gain). From the curve, N = 2, on 
Fig. 18, it is seen that a 1 per cent reflection coefficient can be realized over the portion of the pass 
band corresponding to a = 76° by using the sections shown in Fig. 16. The actual frequency range 
lies between the limits f, = 15,931 and f_= 12,050 corresponding to z = k = sin 76° = 0.9703, as 


computed from: 
f = fml[ Dz +V1 + (Dz)2] 


The plus sign gives the frequency above mid-band, and the minus sign the frequency below mid-band. 
The quantity D is the relative bandwidth equal to (f2 — fi)/2fm. The distance between the upper 
and lower frequencies is proportional to the absolute band width, i.e., (f4 — f_) = (f2 — fi)z. 

The impedance level of the section, for p = 0.01, is found to be R = 1.020R;. For precise results, a 
value for the reflection coefficient, superior to that read from Fig. 18, may be calculated from the equa- 
tion p = 2qNt1. The image impedance characteristic is similar to the curve displayed in Fig. 17 with 
U = 1.020 and k = 0.9703. The negative half extending from zero to minus one, corresponding to the 
interval from mid-band to the lower cutoff, is a duplicate of the part shown. 

The final step in the design is the evaluation of the peak frequencies by means of the approximation 
given above, with the index v = 1/3 and 2/3. The results are x1} = 1.0351 and x2 = 1.3484; the corre- 
sponding values of the parameter are m1 = 0.25838 and m2 = 0.67082. The element values are ob- 
tained from Fig. 16. An appropriate configuration is shown in Fig. 19a, as well as the attenuation 
characteristic of the two terminating sections, which is obtained by doubling the result calculated 
from the formula in Fig. 16. 

That part of the complete filter which is between the terminating sections supplies the balance of 
the required attenuation, i.e., the difference between 58 db and that shown in Fig. 19a. This unit may 
be designed by fitting together the attenuation characteristics of four m-derived sections (Fig. 10); 
several trials may be necessary. It is interesting to see how the design process under discussion leads 
directly to a satisfactory choice for these intermediate sections. 

The chart, Fig. 18, is entered with Ao = 58 db. This attenuation can be obtained with three sections 
at frequencies above and below those corresponding to a = 60°. The limits are found to be f; = 16,357 
and f_= 11,738. The values for the peak frequencies are computed from the approximation given above, 
with the index r = 1/6, 3/6, 5/g. They are 21 = 1.1742, and xo = 1.4142, and zg = 3.333; the corre- 
sponding values of the parameter are m, = 0.52415, and mz = 0.70711, and m3 = 0.95393. The 
attenuation characteristics of the three sections are calculated from the formula given in Fig. 14 (this 
formula applies to a half-section so that the result must be doubled). Figure 19d is a sketch of the 
complete characteristic. Two of the possible configurations are shown; the first consists of sections 
chosen from Fig. 10, and the second is taken from Fig. 14 (an equivalent shunt branch is used). 

The sum of the characteristics, Figs. 19a and }, is far in excess of the attenuation required. It is 
observed that the terminating section has a peak at x2 = 1.35. This is close to the peak, 22 = 1.41, of 
one of the attenuation sections. Consequently, this latter section may be omitted from the intermediate 
part of the complete filter without affecting greatly the minimum attenuation of 58 db. There is a 
considerable increase in attenuation between the cutoffs and the limit frequencies, +1/k, owing to the 
first peak in the terminating sections. However, a large part of this surplus will be lost because of 
dissipationin the components. The overall attenuation is plotted on an arc sin frequency scale in Fig. 19c. 


26. MAYER’S THEOREM 


The effect of uniform dissipation in the elements on the characteristics of a reactive net- 
work can be estimated readily by means of Mayer’s theorem. This states that: 


w dB 
sgh Pace MGI Or 
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A and B represent the real and imaginary parts, respectively, of a network characteristic 
in the absence of dissipation. Ag and Bg are the corresponding quantities when dissipation 
is present. As usual, w is 27 times the frequency. The average dissipation is: 


if 1 1 1 
op Gene) 


where Qz is the average wl /r for the coils, and Qc is the average wC/g for the condensers. 
Frequently, the condensers are considered relatively non-dissipative, so that Q = 2Qz. 
Since these relations come from a Taylor’s series development of the network function, 
they are usable only in the regions where the function is well behaved. For example, if 
A and B represent image attenuation and image phase shift, the approximation fails in 
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the neighborhood of the cutoffs and the attenuation peaks; on the other hand, if A and B 
represent the insertion loss and insertion phase shift, the approximation holds everywhere 
except near the loss peaks; a similar remark obtains for driving point impedance, current 
ratio, voltage ratio, etc., functions. 

These formulas lead to some useful general conclusions. They indicate that, to a first 
approximation, the change produced in the real component of a network characteristic by 
dissipation is proportional to the slope of its imaginary component, and vice versa. It is 
particularly interesting to note the effect in respect to characteristics which approach the 
ideal. For example, the approximation to an ideal filter is designed to have a constant 
(zero) attenuation and a phase shift which varies linearly with frequency over most of the 
pass band. It is to be expected that the phase characteristic will be changed very little 
by dissipation since the slope of the attenuation is zero. On the other hand, the attenua- 
tion characteristic will be affected when dissipation is present. However, over the fre- 
quency range for which Q is proportional to frequency, the attenuation will be constant 
and proportional to the phase slope. Consequently, the filter introduces a flat loss but 
does not introduce distortion. 
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RADIO ANTENNAS 


By J. C. Schelleng * 


GENERAL FUNCTION AND DESCRIPTION. The antenna is the means of coupling 
between the medium of propagation and the transmitter or receiver. Its purpose is to 
convert power into outgoing electromagnetic waves, or to extract power from incoming 
waves. These two processes are reciprocal, but other factors such as discrimination against 
static introduce new requirements which differentiate a good transmitting from a good 
receiving antenna. 

Not only should an antenna be an efficient converter between radiant and guided 
energy, but it should also be most effective in the direction of the station with which it is 
communicating. At the receiving end, directivity performs two useful functions. The 
first is that of impressing on the early stages of the receiver a relatively intense signal so 
as to override the inherent circuit or tube noises. The second and often the more important 
is that of discriminating against electrical disturbances in the medium, such as atmospheric 
noise, thereby increasing the ratio between signal and noise components. If the atmos- 
pherics should arrive from the direction of the signal, then, of course, no advantage would 
result from this means. When, on the average, they arrive with equal intensity from all 
directions, the advantage is considerable. If it happens, as in communication between 
Europe and America, that a very small part of the total noise arrives from the direction 
of the desired signal, a very great advantage is realized. Indeed, because of their ability 
to discriminate against atmospherics arriving from the rear, it is sometimes the practice 
to use as receiving antennas devices that would ordinarily be relatively poor radiators. 

Practical antennas differ widely. Perhaps the simplest is a straight vertical wire as 
shown in Fig. la, b,c, and d. For the lowest frequencies used in radio the length is a very 
small fraction of a wavelength, but with higher frequencies the vertical wire may exceed a 
half-wavelength. The dotted lines indicate roughly the distribution of current. Several 
antennas may be arranged to form a directive array as shown in Fig. ll. An antenna 
one-half wave long (Fig. 1g) is known as a half-wave linear antenna. 

When the frequency is low (long waves), the antenna may take the form of an Lora Te 
a hundred or so feet high and several hundred long (see Fig. le and f). The horizontal 
portion is known as the flat-top, the vertical as the lead-in. Frequently a large coil of wire 
is used as an aerial as shown in Fig. 1k. It is known as a loop. 


_ *In this revision a considerable amount of material from the article Radio Antennas (7-57) appearing 
in the 1936 Edition of the Pender-Mcllwain Handhaok. and written by G. C. Southworth, has been used. 
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In the highest decade of the radio spectrum (in 1949 the practical limit seems to be of 
the order of 30,000 megacycles per second, wavelength 1 cm), the low-frequency technique 
associated with radiation ‘‘from the outside’ of the conductors has become relatively 
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Fia. 1. Representative Forms of Antennas 


difficult owing to the small size of the wavelength, and antenna designers tend to draw their 
inspiration from wave-guide principles and from optics. Typical antennas now are found 
to employ wave-guide apertures or horns, parabolic reflectors or lenses, as well as many 


(c) 


(0) 
Fia. 2. Forms of Quasi-optical Antenna 
of the older techniques. Figure 2a illustrates radiation from the open end of a circular 


wave guide, 2b shows a pyramidal horn formed by tapering from a small rectangular wave 
guide, and 2c shows a linear half-wave antenna at the focus of a paraboloidal antenna. 
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CLASSIFICATION. Table 1 is an attempt to classify the many diverse forms of 
antennas which have found use. Ignoring distinctions between transmitting and receiving, 
it gives one type of classification based on general form rather than specific application. 
In spite of a degree of artificiality it covers most of the common types. The relatively 
non-directional appear early in the list; the highly directional are found at the end. 


Table 1. Classification of Antennas 


Linear Conductor Antennas 
L, T, umbrella, multiple-tuned electric dipoles, ‘‘vertical radiators,” whip, trailing-wire, vertical 
wire, horizontal wire, wave antenna, loops, etc. 
Wave-guide Antennas 
Small wave-guide apertures: 
Open-end wave guide. 
Slot antennas. 
Various reflector or lens feeds, etc. 
Large wave-guide apertures: Horns. 
Dielectric antennas: Polyrods. 
Quasi-optical Devices: Antennas Using Reflectors or Lenses for Collimating 
Spherical optics: Point sources (‘‘dipoles’’ or wave-guide apertures) in conjunction with spherical 
reflectors or lenses. 
Cylindrical optics: Line sources (arrays, reflectors, lenses) in conjunction with cylindrical 
reflectors or lenses. 
Arrays or Combinations of Above Devices 
Long-wire antennas. 
Wave antenna, 
V-antenna. 
Rhombic antenna, etc. 
Linear arrays. 
Broadside array. 
End-fire array. 
Fishbone. 
Musa. 
Turnstile. 
Clover leaf, etc. 
Curtain arrays. 
Franklin. 
Pine-tree. 
Chireix-Mesny. 
Sterba. 
Arrays of: Horns; quasi-optical devices; wave-guide apertures. 


RADIATION, ABSORPTION, AND RECIPROCITY. In general, the radiation from 
an antenna can be calculated if the tangential magnetic and electric fields subsisting over 
any closed surface containing the antenna are known. The tangential magnetic field 
measures linear density of an equivalent electric current in the surface at right angles to 
the tangential field; likewise the tangential electric field measures a linear density of 
‘‘magnetic current.’’ General formulas (beyond the scope of this article) exist for calculat- 
ing from these the radiated field (S. A. Schelkunoff, Reference 1, 9.1-7, 9.1-9 and 9.1-10). 
They are necessary, for example, in calculating the radiation from an electromagnetic 
horn. In many other cases, including practically all antennas of older types where the 
energy prior to radiation was guided near the outside of conductors rather than through 
hollow guides, this procedure simplifies: the closed surface now may be taken as the surface 
of the conductor of the antenna itself and the electric currents of the equivalent sheet 
become the usual antenna currents, while the “‘magnetic currents’? become zero owing to 
the disappearance of a tangential electric field at the surface of the conductor. The fact 
that in the lower-frequency ranges the electric current in conductors can be conveniently 
measured by ammeters gives a special importance in those ranges to formulas in which 
the antenna current is assumed to be known. 

An analogous process occurs in reception, in which equations might be set up for inte- 
grating the total effect on the receiver due to the electric and magnetic distributions over 
a closed surface containing the antenna, but, since these fields are in part reradiation 
associated with the response of the receiving antenna, the problem is more involved than 
that of the transmitting antenna and it is common to invoke the law of reciprocity instead. 
As applied to radio wave propagation through a simple linear medium (excluding non- 
linear circuit elements and the ionosphere), this law says that, if there is a single zero- 
impedance generator in the transmitter and a zero-impedance ammeter in the receiver, 
the generator and the ammeter may be interchanged without affecting the current 
measured. An alternative expression of the law is: if a constant-current generator in the 
transmitter produces a reading in an infinite-impedance voltmeter in the receiver, the 
generator and the voltmeter may be interchanged without affecting the reading. These 
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statements say nothing explicitly about the power transfer, but the following one does: if 
the internal resistance R of a generator having zero reactance is matched to the trans- 
mitting antenna, and if the receiving antenna is matched to a load whose impedance is R, 
then the power transfer will not be affected by interchanging the generator and the load. 
It follows from any of these statements that a given antenna has the same directional pattern 
for recewing as for transmitting. 


27. PRINCIPLES OF LINEAR CONDUCTOR ANTENNAS 


What takes place in even a simple transmitting antenna is a matter of such great com- 
plexity that a rigorous description is beyond the scope of this article; nevertheless it will 
be well to recognize the nature of the problem. One aspect of it is the calculation of 
external fields, assuming a knowledge of the distribution of current in the conductors. 
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Fig. 3. Typical Antenna Arrays 


This problem is completely solved by integrating for each point in space the retarded 
effects of currents at different parts of the antenna. To the extent that we are satisfied 
with the assumed current distribution, a satisfactorily complete formal solution is always 
possible. Many results of great engineering usefulness have been so obtained; the usual 
assumption is that the current is distributed sinusoidally, that the standing-wave pattern 
is formed by equal waves traveling oppositely with the velocity of light (3 x 108 meters 
per second), with current nodes at open ends of conductors. This means that the standing 
wave will have minima at intervals of one-half wave, with maxima at intermediate points, 
the instantaneous current being oppositely directed either side of a minimum, as shown 
in Fig. 1d, 1h, and 12. In certain problems it is convenient to regard the radiation as 
issuing from certain centers, such as the midpoint or maximum between adjacent minima. 
On this view a small radiator may have a center of radiation much as an extended body 
has a center of mass. For sections of conductor whose length is small compared with a 
wavelength the current distribution may be substantially uniform, as in the vertical lead 
of a large flat-top antenna, or in a loop small compared with a wavelength. There is a 
considerable field where the engineer may employ this concept without apology to the 
mathematician. 

There are other cases where he needs to watch his step carefully, as for example in the 
antenna shown in Fig. 3a where for qualitative purposes the standing wave is shown along 
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the folds of the wire. 
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The existence of current minima in this antenna was checked 


experimentally by E. J. Sterba, but he found that, as the antenna was extended by adding 


(1) (2) (3) (4) (6) (6) (7) 
2 VA WA Characteristic 


impedance 


Characteristic 
impedance 


Fia. 4. The input impedance of a conical antenna of any size is 

equal to the input impedance of a uniform transmission line with a 

certain ‘‘output’’ impedance Z;. The input impedance of a thin 

antenna of any shape is similarly represented, except that the char- 
acteristic impedance is variable. 


more sections at the top, the 
lower minima became less 
definite and ceased to be nulls. 
This is an extreme case per- 
haps beyond mathematical 
solution, but it illustrates the 
matter. 

A second aspect of this the- 
oretical problem is the actual 
determination of the currents 
and voltages that exist on an 
antenna having specified the 
applied or external forces. 
S. A. Schelkunoff has given 
a general theory of certain 
forms of antenna which is 
especially attractive to the en- 
gineer (see Reference 1). In 
ordinary transmission lines, 
the distribution of a linear 
charge density is the same as 


that of voltage, but this is not generally true in antennas. The explanation is that antennas, 
unlike ordinary transmission lines, support more than one mode of propagation. As far as 


Input resistance in ohms 


0.50 


Fia. 5. The Input Resistance of Hollow Cylindrical Antennas in Free Space. For vertical antennas 
over a perfectly conducting ground divide the ordinates and K,, by 2. 


the current associated with the principal mode is concerned (the mode that we are think- 
ing of when we draw the oversimplified current-distribution curves which we have just 


PRINCIPLES OF LINEAR CONDUCTOR ANTENNAS 6-67 


been discussing), radiation is strictly an end effect: ‘‘It is permissible to think that a wave 
emerging from a generator in the center of an antenna is guided by the antenna until it 
reaches its boundary sphere passing through the ends of the antenna and separating the 
antenna region from external space; at the boundary sphere some energy passes into ex- 
ternal space and some is reflected back—a situation existing at the juncture between two 
transmission lines with different characteristic impedances.’’ This will be clearer by ref- 
erence to Fig. 4, taken from Schelkunoff, where the ‘‘antenna region” or sphere is re- 
placed by a transmission line having length equal that of the antenna, the line having 
appropriate characteristic impedance K and terminating impedance Z;. The legend makes 
the figure self-explanatory. 
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Fia. 6. The Input Reactance of Hollow Cylindrical Antennas in Free Space. For vertical antennas 
over a perfectly conducting ground divide the ordinates and Kg by 2. 


The input resistance and reactance of perfectly conducting cylindrical antennas in free 
space as given by Schelkunoff are plotted in Figs. 5 and 6, the parameter Ka, the char- 
acteristic impedance, being given in Fig. 7. These curves were obtained on the assumption 
that the current flowing over the edge at the top of the antenna is zero. For Ka < 700 
there is a small current over the edge which, if included in the calculations, would increase 
the maxima of the input resistance and reactance by a small percentage. Note the points 
where input reactance is zero, and the deviation of the lengths from 0.25\ and 0.5), as 
found experimentally by C. R. Englund. 

In some low-frequency antennas where radiation resistance is low, the input reactance 
has often been calculated by regarding the antenna as a transmission line without resist- 
ance, using the formula 


oe sy cot (wl Ii ) (1) 


where Z; and C; are inductance and capacitance per unit length, / the total length, and w 
the angular frequency. Such a line is resonant when 1 = \/4, 3/4, etc., and antiresonant 
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when 1 = 4/2, X, etc. If a lumped inductance is connected in series with the long antenna 
assumed, resonance will occur when 


oL = VE cot (wlVLiC1) = 0 
1 


The effect of capacitive loading may be found in a similar manner. : 
When an antenna of this kind does not exceed a quarter-wave in length it may be roughly 
considered part of a resonant circuit made up of lumped inductance and capacitance as 


(0) 
100 1000 10,000 100,000 
Ya 


Fic. 7. The Average Characteristic Impedance: (1) Cylindrical Antenna, (2) Spheroidal Antenna, 
(3) Antenna of Rhombic Cross-section. Jl is the length from middle of antenna to the ends; a is the 
maximum radius of conductor. 


follows: Le = 1L;/3 henrys and C, = IC; farads together with whatever loading may have 
been added. The shorter the antenna the better is the approximation. 

RESISTANCE OF ACTUAL ANTENNAS. Antenna resistance is the quotient of the 
mean power supplied to the antenna divided by the mean square of the current referred 
to a specified point of the antenna. It thus includes a component associated with the 
useful radiation of power and others related to undesirable losses in the conductors, 
ground, etc. Radiation resistance is thus 
the quotient of the mean radiated power 
ll : hen divided by the mean square of the cur- 
Leathe ite nde D7 af rent referred to the specified point, and 
H radiation efficiency is the ratio of radia- 
wet tion resistance to total resistance. 

sy Figure 8 shows the general way in 
which radiation resistance, with the 
losses in the ground and in the conduc- 
tors, varies with frequency. An efficient 
antenna being’one in which radiation 
resistance predominates, the desirable 
operating range is well to the right in 
the figure. At the lowest of radio fre- 
quencies, however, economic factors 
makes high efficiencies unrealizable, and 
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Fic. 8. Components Which Go to Make Up the Total shown wn Fig. 8, the wire resistance is 
a Resistance of a Simple Antenna substantially independent of frequency, 


but in general this is not true. 

The radiation resistance of a straight vertical wire of infinitesimal diameter referred to 
the point where it connects through a coupling or load impedance to a perfect ground 
varies from zero to 36.6 ohms as its length increases from zero to a quarter-wave (half 
the value given in Fig. 5). A convenient approximation for the radiation resistance pro- 
vided that the actual height is well below \/4 is 1607°h?/)2, where h is an effective vertical 
length of the radiator and ) is the wavelength in the same units. If, for example, we con- 
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sider a vertical wire \/4 long (which we have just stated is too long for this approximation), 
the assumed sinusoidal current distribution makes h = 2/7 - \/4 = X/2z, and radiation 
resistance of 40 ohms is indicated. Comparison with the correct value of 36.6 ohms 
indicates that for antennas shorter than /8 the approximation will usually be acceptable. 

When the operating frequency is low it is uneconomic to construct a vertical wire even 
approaching a quarter-wave in length. Under these circumstances it is customary to 
combine a rather large flat-top with a moderate vertical lead, in order to hold costs to 
the minimum. This leads, however, to low radiation resistance and so requires that other 
resistances be kept correspondingly low. Thus, if the radiation resistance should be as 
low as 0.05 ohm, an elaborate counterpoise or other ground system would be necessary to 
keep the losses within reasonable 
bounds. Grounded antennas 

ANTENNAIMAGES. A portion 
of the wave radiated from an an- 
tenna is ‘‘reflected”’ by the ear that 
points some distance away. To an 
observer located at a considerable 
distance the total radiation appears 
to be made up of two components, 
one which arrives directly from the Ungrounded antennas 
antenna itself and the other which ( a 

aN ) 


appears to be coming from a virtual 
antenna located below the surface 
of the earth. The latter, sometimes 


known as an image antenna, behaves WMT TTT § TTT «WT TT 


in different ways depending on the Zé i iN ex 
soil adjacent to the antenna. Figure ( y " “Qh Sr ae 

9 pictures the relation between the ‘ \t 

effective currents in real and image Fic. 9. Images of Representative Forms of Antennas 


antenna, assuming the earth to be 
perfectly reflecting. 

FIELDS ASSOCIATED WITH AN ANTENNA. 
appears_as two fields, (1) an electric field _€ which may be measured in volts per meter, 
and (2) a magnetic field which may be specified in amperes per meter...These components 
are so inseparable as to be regarded as two aspects of the same thing. They are perpen- 
dicular to each other and to the direction of wave propagation and at any point of observa- 
tion are in the same phase, reaching zeros and maxima at the same time. For a funda- 
mental discussion on this subject the reader is referred to Section 5, articles 26-28. 

The electric field produced at a distance of a few wavelengths from an antenna may be 
calculated by means of the general formula applying to an elemental doublet 


a= Be cos w (: _ ‘) cos 9 (2) 
where € = ‘the field intensity of the-wave-measured-in-volts-per-meter; I cos (wt + 90°) = 


current flowing in the wire in amperes; f = frequency of the current in cycles per second; 
dX = wavelength corresponding to frequency f; w = 27f;t = time in seconds; -d*=<distance.. 
to-the-antennain-meters; c = velocity of light = 2.998 108 meters per second; él = the 
elementary length of wire or doublet from which radiation takes place—it is measured in 
the same units as \; and 6 = angle of elevation of point at which the field is desired meas- 
ured relative to a plane perpendicular to the conductor 6/. In the formulas in this section, 
any other unit of length can be used, provided it is used consistently in €, A, d, c, A, ete. 
The meter, however, is preferred. 

Equations for the fields radiated by antennas of various shapes, such as given just 
below, are obtained by integrating the above doublet expression over the entire conductor 
system, having due regard for the distribution of the current. The fields at great distances 
from antennas are usually much less than those calculated by these formulas. (See 
Section 10.) 

The voltage induced in an incremental length of conducting wire by a passing wave may 
be found by either of two methods. The one starting with the electric field of the wave is 
used the more. That component of the length lying parallel to the electric vector in the 
wave front is multiplied by € measured in volts per unit length to give the required emf. 
This same voltage may also be derived from the simple dynamo concept of the number 
of lines of magnetic force cut per second; it will be realized, however, that this is not an- 
other component of induced voltage but merely another approach to the same one made 
possible by the identities expressed by Maxwell’s equations. 
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The instantaneous radiated power flowing through each unit of area perpendicular to a 
plane wave front may be calculated by the expression 


P = 0.00265e2 watt per square meter (3) 


(See also Sect. 3 art 28 eq. [16].) 

If eq. (3) is used for calculating the power picked up by a single wire, it must be assumed 
that power is absorbed from a section of the wave front extending to about a quarter of a 
wavelength either side of the conductor. 

The field intensity at a horizontal distance d from a vertical grounded wire, length h, 
carrying a uniform current J is approximately 

one 1207fhI 
% dc 
This applies to the vertical lead to an antenna having a relatively large flat top, the antenna 
being located over a perfectly conducting earth. 

The corresponding value for a coil or loop located in free space and having dimensions 
small compared with the wavelength is 

fs 1207/2 
dc 
where JN is the number of turns and A is the area in square meters. 

The effective vertical length of a loop in free space is given by 
= 27 AN 
a EX 


The fie.d intensity for a simple vertical quarter-wave antenna grounded at its lower end is 
approximately 


volts per meter (4) 


ANI volts per meter (5) 


h meters (6) 


= “ volts per meter (7) 


The effective vertical length of a grownded-quarter-wave antenna is 


i 2s meters (8) 
27 

In all these cases the current is to be measured at the point in the antenna where this 
quantity is a maximum. 

For formulas for field strength in terms of radiated power, see Section 10, Articles 20-24 
of this handbook. 

Figure 10 gives the directional diagram of a simple electric or magnetic radiating ele- 
ment (a short wire or a small loop). It is worth noting that the same diagram applies 
to both. » 


Axis of magnetic or 
electric radiating element 
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} of elements 
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Fie. 10. Directional Diagram of Electric and Magnetic Dipoles. The length of the vector V is pro- 
portional to signal intensity. 


The directional diagrams for both the quarter-wave and half-wave antennas as well 
as for an antenna 0.62 wavelength long are given in Fig. 11. It is to be noted that for this 
latter a pronounced spurious lobe is formed. This continues to grow as the antenna is 
further lengthened, thereby leading to a considerable amount of high-angle radiation and 
possibly also to fading. The field laid down in the horizontal direction is for a given power 
calculated to be a maximum when the length of the antenna is about 0.62 wave. (See 
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reference 2.) The half-wave antenna together with its earth image is roughly equivalent 
to two collinear equiphased radiators and therefore is a special case of arrays discussed 
below. Antennas a half-wave or so long have become widely used in broadcasting. See 
“Antennas for Medium-frequency Broadcasting,” article 31. 
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Fia. 11. Vertical Plane Directional Diagram of a Single Vertical Antenna of Various Lengths. (Only 
one-half of the total vertical section is shown.) 


28. PRINCIPLES OF DIRECTIVITY 


An antenna which radiates or receives with uniform efficiency within a range of direc- 
tion is said to be non-directional within those limits; when it favors a given direction, on 
the other hand, it is directional. Thus, a vertical wire is non-directional in azimuth, 
though it is directional in elevation. Ignoring non-coherent radiation, such as light, it 
may be said that, for pure sinusoidal currents, a completely non-directional antenna does 
not exist. It is, however, a useful concept to define the directivity of actual antennas in 
terms of this imaginary non-directional source. Thus, the absolute gain is commonly 
defined as 

P 


=F: 


where P is the power flow per unit area in the plane linearly polarized wave which the 
antenna causes in a distant region (usually in the direction of maximum radiation), and 
Po is the power flow per unit area which would have been produced if all the power had 
been radiated equally in all directions. Where gain is referred to any other standard, it 
will be specifically mentioned. 

One special form of radiator, the current element short in comparison with a half-wave, 
has frequently been used for reference in discussing directivity. It is, in fact, as non- 
directional as a simple radiator can be. Actually, however, it has a power gain of 1.5 over 
the standard described in the preceding paragraph. 


G (9) 
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Though considerable directivity can at least in theory be accomplished with an antenna 
whose largest dimension is small compared with one wavelength, it is not far from the 
truth to say that all practical high-gain antennas depend primarily on having current 
distributed over dimensions of several wavelengths. This statement applies both to 
linear-conductor antennas and to quasi-optical devices. 

The requirements of directivity are various. It may be necessary to limit antenna 
effectiveness to a certain azimuth, to a certain elevation, or to both. A narrow beam may 
be required in azimuth coupled with a wider one in elevation, as in some transatlantic 
antennas used in the range of high frequencies; or a relatively sharp beam may be wanted 
in elevation with little or no directivity in azimuth, as in television broadcasting; or 
sharpness may be needed in azimuth with a specified variation of intensity in elevation, 
as in the ‘‘cosecant”’ antennas of radar, etc. 

The special distribution of current needed for directivity may be provided by arrays 
of similar smaller radiating elements or by combinations of dissimilar elements. These 
building blocks may be half-wave wires, loops, flat-top antennas, and so forth. The dis- 
tribution may be continuous: for example, an electromagnetic horn may be thought of 
as an array of an infinite number of infinitesimal radiators. 

An almost unlimited number of combinations is possible, since the directive effects 
produced depend not only on the relative positions and spacings of the various units but 
also on the amplitudes and phases of their currents as well. (See reference 3.) 

Perhaps the best-known arrangement is that of a number of identical parallel antennas 
arrayed laterally along a straight line. Usually the element antennas carry equal in- 
phase currents. This produces the strongest signal in a direction perpendicular to the 
line of the array and is thus known as a broadside array. An example is shown in Fig. 1, 
above. In some cases the phasing of the currents is progressively delayed from antenna 
to antenna to correspond exactly with the delay in that direction due to finite wave 
velocity. Such an antenna is called an end-fire array because the radiation is most intense 
along the line of the array. 

EFFECTIVE AREA OF ANTENNAS. A wave incident upon a receiving antenna may 
be thought of as a stream of energy possessing a certain power per unit of cross-sectional 
area. If the receiver load is coupled to the antenna so as to abstract the maximum power 
available, then the ratio of this maximum power to the power incident on the antenna 
per unit area is defined as the effective area of the receiving antenna. A somewhat over- 
simplified view is that the antenna presents this area to the energy stream and canalizes 
the corresponding power flow into the receiver. An excellent treatment of relations to 
be discussed in this section will be found in an article by H. T. Friis and W. D. Lewis. 
(See reference 4.) 

The effective area of a receiving antenna being by definition proportional to its power 
gain, we may make the general statement that the ratio power-gain divided by effective 
area has the same constant value for all antennas. Numerically it turns out that this 
ratio is: 


Sa eS (10) 


an important relation in antenna theory. It can be shown that it has a useful interpreta- 
tion in transmitting as well as in receiving: this same area then measures that broadside 
“uniformly excited’’ area which would give the same transmitting gain as does the actual 
transmitting antenna, the excitation being unidirectional (e.g., as when a reflector is used) 
and the dimensions of the area being large compared with a wavelength. Hence, a lossless 
transmitting antenna in which the radiation is associated with a large uniformly excited 
area would, as a receiving antenna, make available to the receiver all the energy intercepted 
by its actual area. 

A very useful and simple free space transmission law (see reference 4) results by applica- 
tion of these concepts to wave propagation between antennas of effective area Av and Az 
(the subscripts refer to transmitter and receiver). The power delivered to the receiver 
is then Pr, which equals 


Total power Ge wa _ Pr 4xAr 
Area of sphere of radius d z Bee ak Amdt Nol saat 


The fact that the numerical constant turns out to be unity recommends this formula to 
the memory. 


giving 
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29. DIRECTIVITY OF LINEAR CONDUCTOR ANTENNAS 


ARRAYS. Of the many directive patterns that may result from the various spacings 
and phasings of two antennas, two are of especial interest. In the first the two sources 
are separated in space by one-fourth of a wave- 
length, and in phase by one-fourth of a period. Arrangement tito, ! 

This arrangement, which is sometimes known of jiptennas Plrections! Wiesiars 
as a unidirectional couplet, gives a cardioid 

pattern as shown in Fig. 12a, where the unit 

antennas are vertical half-wave elements. As 

compared with a single element it effects a x 

power gain of about 2 (3 db). In the other 1th 

arrangement the two elements are spaced one- 

half wavelength and are driven in phase (see 

Fig. 12b). This also gives a theoretical gain of 

about 2 (actually somewhat greater). The two 

arrangements may be combined as in Fig. 12c 

to give a total gain of 4 (6 db). It is conven- 

ient to regard the two antennas at the rear as (a) 
reflectors for those ahead. Directional effects 

such as these are used practically not only to 


increase signal in some desired direction but 
also to minimize its interfering effects in others. Xx 
Increased directivity may be obtained by 2 


adding couplets to the arrangement shown in 
Fig. 12c. The resulting increase is indicated 
by Fig. 13. Although it is often most conven- 
ient in practice to utilize spacings of one-half N 
wave in the array front, any spacing up to ar eres 
about 3/4 wave may be used. For spacings AL 
less than 0.6) it is the total length or aperture . 2 
of the broadside which is the important crite- 
rion of gain, the gain variation due to spacing 
being inappreciable. Figure 14 facilitates de- (c) 
termining the gain ratio of such arrays. The Fie. 12. Horizontal Directional Diagrams. 
aperture there referred to is about one-half Mo) dosidicestionsl couplets ube ye. ea th 
wave greater than the number of wavelengths (c) Two equiphased couplets. 
measured between extreme conductors of the 
array. The reason for this rule is that the equivalent area of a thin wire properly coupled 
to the terminal is finite (see paragraph following eq. [3]). 

When an array is formed by stacking similar units in tiers in the vertical direction, 
added directivity is provided at some angle from the vertical, commonly at 90°, that is, 

in the horizontal plane. The 


(b) 


120 e units may, for example, be the 
eee ef tae Xx 3 cl vertical elements previously 
100 OP EO OOO ce wr described, and if the elements 
Pan of a broadside array are so ar- 
9 80 Hy Si 5 Fra ranged the antenna resembles a 
: ai » - F lel 

2 eae curtain. or vertica elements 
60 te | the improvement obtained by 
& | (as J 4=] adding a small number of tiers 
G45 4bee te or stacks is less than that 
al achieved by the lateral arrange- 

r ie ment. (See reference 5.) 
20 Simple but approximate 
: rules for unidirectional broad- 

Co7 ae 412.~°216°«20 «24 28 32 36 40 Side arrays are as follows: 
Number of Couplets 1. The gain ratio of a large 


; an ee A f vertical couplets ex- 
F i t th Number of Couplets @!T2V © 
Fee, 18. Varltion of Divetivity with Number of Coulee jer ing both laterally and ver 


tically (and including a reflect- 
ing curtain) follows the general rule for gain G = 47A/)’ or, in terms of a short current 
element as standard, Ga = 8/3:7A/» = 8.4A/), where the effective length is taken one- 
half wave greater than the length between extreme conductors (see paragraph following 
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aq. [3]), and the height as \/2 times the number of tiers or stacks. This assumes no ap~ 
preciable gap between tiers. For a single-tier antenna Gg = 10A/)’. 

2. Doubling the length or the height, or adding the “‘reflector’”’ curtain to the front 
curtain, adds 3 db to the gain. Note the exception already indicated, however, that in 
going from one to two tiers the increase is only about 2 db. 

Arrays of this type have achieved considerable importance both in long-distance trans- 
mission using short waves (high frequencies) and in medium-frequeney broadcasting. In 
the former use very considerable power gains have been employed, varying up to more 
than 100. In the latter the gain has been valuable in extending coverage, but the most 
important aim has been the suppression of signals in certain directions at night in order 
to avoid interference with other 
stations. Thus the directivity of 

{ i broadcast transmitting antennas 

has two aims essentially corres- 

ponding to those mentioned in the 

+— first section with respect to direc- 

tivity in reception, viz., increase of 

signal and reduction of interfer- 
ie ence. 

The main problem in medium- 
frequency broadcasting which leads 
aL. — to the use of directional antennas 
is the difficulty of giving local cov- 
erage without causing interference 
at distances of a few hundred to a 

few thousand miles with other 
°%5 2 4 6 8 10 12 14 transmitters using the same fre- 
Apertare of Array,- Wave-Lengths quency. This long-distance inter- 


Fre. 14. Graph for Predicting Directivity of Arrays of Simple ference is propagated by reflection 

Half-wave Antennas. (Aperture is expressed in wavelengths from the ionosphere, and therefore 

and is one-half wavelength greater than the horizontal dis- 1 3 J P 
tance between the extreme outside antennas.) not only azimuth but also elevation 


must be considered. Regardless of 
the height of the reflecting layer, the azimuth of waves between two points lies along the 
great-circle path with considerable consistency, and an antenna which directs a minimum 
of signal at all elevations in the vulnerable azimuth is usually the most desirable solution. 
Sharp nulls in the elevational directive pattern are thus to be avoided if possible in view 
of the variability in the heights of the reflecting layers. Often, however, a host of practical 
considerations requires a compromise solution. (See reference 6.) Commonly, also, the 
problem is complicated by the existence of more than one vulnerable direction. The 
necessity of having the correct relative phases in the unit antennas has required the 
development of techniques for controlling, measuring, and maintaining phases in practical 
installations. (See reference 7.) 

DIRECTIONAL CHARACTERISTICS OF LONG WIRES. When the length of a 
wire carrying a high-frequency current is progressively increased, it breaks up into oscillat- 
ing sections as was shown in Fig. 17. This gives rise to radiation along certain preferred 
directions in which in-phase components prevail. Figure 15 shows the directional patterns 
for certain representative cases. It will be noted that the lobe designated as No. 1 ear 
becomes progressively sharper and approaches the axis of the wire. At the same time 
smaller lobes designated as No. 2, 3, and 4 ears are formed. 

Several long wires each having characteristics of this kind may be so combined as to 
give the arrangement as a whole very useful directional properties. In general, this is 
accomplished by choosing arrangements that enhance the main lobe and at the same time 
discourage the spurious lobes. The so-called tilted wire, folded wire, and rhombic antennas 
are based on this principle. (See reference 8.) 

EFFECTS OF SOIL AND TERRAIN ON DIRECTIVITY. The directive effects de- 
scribed above assume that the array is divorced from any influence of the earth. In 
practice, of course, this is not true. If the earth were perfectly conducting the array could 
be so elevated as to make the image effect add to that of the array, thereby giving added 
gain and a maximum intensity along the surface of the earth. These ideal conditions are 
seldom attained in practice. At the frequencies at which directive antennas are most 
used, there is a substantial refractive effect in addition to absorption that together tend 
to distort the vertical directive characteristic. 

Figure 16 shows the calculated directional distortion imposed by imperfectness of earth 
conductivity on both a horizontal and a vertical receiving doublet for a representative 
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case.” It is to be noted that the effect is less marked with a horizontal half-wave antenna 
than with a vertical half-wave, and in both forms it is such as to cut down very materially 
the intensities of waves along the horizontal. It fortunately happens that distant signals 
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Fic. 15. Directional Diagrams of Isolated Wires of Various Lengths 
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arrive at an appreciable angle above the horizon, so that such devices are still very effec- 
tive. While this angle for transmission and reception of short waves may, for short 
distances, be nearly 90°, for long distances it varies, say, from 30° for the lower frequencies 
to very small angles for the higher frequencies. It would appear, therefore, that the dis- 
tortion of the vertical directive pattern caused by a soil of finite resistivity might constitute 


a definite limitation in working with 
very high-frequency stations. It is 
seen from Fig. 16 that horizontal an- 
tennas are inherently high-angle de- 
vices and that vertical antennas may 
also be high-angle devices except when 
located over a low-loss earth. 

Advantages ranging up to 10 db 
(see reference 9) have been obtained 
by locating short-wave antennas and 
arrays at the tops of sharp declivities 
or long slopes. These gains are com- 
parable with those of the arrays them- 
selves and are such as may warrant 
considerable time in the selection of 
the site of a short-wave radio station. 
They may be explained either as due 
to the antenna being in a position 
where the field distribution is more 
favorable or by saying that the de- 
clivity has effectively lowered the angle 
of elevation of the antenna itself. 

As the factors that effect vertical di- 
rectivity vary markedly from point to 
point over the country it is difficult 
to present any considerable number 
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Fie. 16. Vertical Directional Diagrams of Horizontal 
and Vertical Half-wave Antennas as Influenced by Finite 
Conductivity of Earth 


of representative data in the space here available. However, both terrain and soil condi- 
tions are,important injantenna design and should be considered when any large expen- 


ditures are to be made. 
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30. DIRECTIVITY OF QUASI-OPTICAL ANTENNAS AND HORNS 


(See reference 4) 


THE HUYGENS SOURCE. The optical concept of wave propagation according to 
which a wave front is considered an array of secondary sources is of great importance in 
analyzing the behavior of quasi- 
optical antennas. A formulation 
consistent with fundamental elec- 
tromagnetics has -been given by 
S. A. Schelkunoff (reference 1, 9.1 
and 9.24). Commonly its usefulness 
arises in situations like that, for ex- 
ample, at the mouth of an electro- 
magnetic horn, where we have rea- 
son to believe that the currents 
represented by the wave front pre- 
dominate in ultimate effect over 
currents elsewhere, such as those on 
the outside of the horn. If we know 
the distribution of intensities over 
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ee fe S this aperture, Huygens’ principle 
= can be applied. In general, over 
» s this surface, polarization is distri- 
mn buted in both the x and y direc- 
© = ct) tions, but for simplicity we write 
Kee a the equation for only the first of 
nS e these. Assuming the dimensions of 
=e a the aperture great enough to give 
= S o 2 sharp directivity, we are mainly 
= Ghee eS concerned with directions not far 
= © ul removed from the center of the 
= ra) LS main beam, which is near the axis 
° ra) of the reflector. Under these con- 
g 3 oa ditions the field at a distance 7 in 
< <a 10 Wo front of the mirror is parallel to Eo 
8 Se in the aperture and is given by the 
5 =. expression: 
= a : —2Qrir/® 
2 8 Bal mig, finfim eer 
ro} o 

° q dS being the element of area of the 

-. as aperture, and \ the wavelength. 
2 & THE APERTURE. The theo- 
EX. SHOWN = a retical performance of a non-dissi- 


pative antenna, which as a transe 
mitter has a uniformly equal distri- 
© USING A 64" PARABOLOID. bution of Ho over its aperture, is 
BEAM WIDTH IS 1.6° TOTAL 0 useful for comparison with actual 
WIDTH AT Idb DOWN, transmitting or receiving antennas. 
Fie. 17. Nomogram—Paraboloid Antenna Data It can be shown from the above 
equation (see reference 10) that for 
reception its effective area equals the actual area of its aperture. In other words, it can be 
expected to capture from the wave all the energy ‘‘intercepted.’’ Note, however, that an- 
tennas in reception usually cannot do this, since as a rule they do not, in transmitting, pro- 
duce a constant Ey over the whole aperture, and since, moreover, they may not be large 
enough compared with a wavelength to validate our assumptions. As applied to trans- 
mitting, the term effective area may be interpreted as the area of uniform excitation 
which would give the same field at the same distance and with the same total power as 
would the actual antenna. 
In practice the effective area of large apertures is usually considerably less than the 
actual area, and the ratio is an “‘efficiency’’ factor which usually lies within the range 0.4 
to 0.7, the deficiency being due primarily to the non-uniformity of intensity across the 
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aperture. It should be observed that requirements other than gain may make it necessary 
to avoid uniformity across the aperture, such as the desirability of suppressing minor 
lobes of the directional pattern. 

Other points in connection with the aperture are: (1) whether or not the amplitude is 
uniform, it is usually important that both phase and polarization be the same at all points 
in a plane perpendicular to the desired direction of transmission; (2) the width of the 
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Fia. 18. Examples of Cylindrical and Spherical Optics 


aperture a of a broadside antenna is inversely as the angular beam width required in the 
plane containing that dimension. At the half-power points the beam width is 51 \/a in 
degrees for uniform illumination through a rectangular aperture and for non-uniform 
illumination of circular or elliptical apertures it is typically 65 \/a. The gain and beam 
width of circular apertures having tapers of illumination commonly used at present are 
given in the nomogram, Fig. 17. When the beam width required is different in the two 
planes, the aperture widths are affected inversely, an elliptical shape being common. 
(See reference 11.) 

Although the operation of most microwave directional antennas is best understood in 
terms of generation of a plane wave front, there are notable exceptions, such as linear 
end-fire arrays and polyrods. 

POINT SOURCES AND LINE SOURCES. In transmitters and receivers, the power 
is conveyed to and from the antenna in transmission lines which are smaller than a 
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(a) 


Fig. 19. Cylindrical Collimation 


(6) 


wavelength in cross-section, whereas in the antenna the dimensions may be of many 
wavelengths. The antenna must, therefore, include a distribution system. This may 
consist of a branching system, such as that used commonly in arrays. In most microwave 
antennas it consists of a “‘primary feed’’ or radiator which launches a wave, this wave then 
being allowed to spread in azimuth and elevation simultaneously (spherical optics), or 
in azimuth and in elevation successively (cylindrical optics). The latter two processes 
are indicated in Fig. 18. 

In spherical expansion the wave must first be launched by a primary feed antenna which 
is basically a point source. Examples will be given later. When, on the other hand, 
successive cylindrical expansion is used, the wave from a point source is usually first con- 
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fined between closely spaced plates and allowed to expand in a plane, and then the line 
of the wave front is converted from a circular arc to a segment of straight line; thereafter, 
the three-dimensional wave front expands from this line as a cylinder whose elements are 
parallel to it. These operations may be followed in the example given in Fig. 18 or 
19b. The line source can be formed in other ways, such as a linear array of half-wave 
antennas, thus avoiding the first step of cylindrical expansion (Fig. 19a). 
COLLIMATING DEVICES: REFLECTORS AND LENSES. Starting with the energy 
diverging from a point source, some device is needed to convert the wave front to a plane, 
that is, to make the emergent “‘rays’’ parallel. For this purpose reflectors or lenses are used. 
(a) Parabolic Reflectors. The choice between a paraboloid and parabolic cylinders 
(see Fig. 18), depends on many mechanical and electrical considerations. In the past, 
the paraboloid has been the more used. Among the advantages sometimes claimed for it 
are greater electrical simplicity, lower weight and better efficiency, better directional 
pattern in the desired polarization, and adaptability to conical lobing or spiral scanning. 
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Fia. 20. Spherical Collimation 


The cylinders, on the other hand, may be simpler mechanically and possess separate con- 
trol of directivity in azimuth and elevation, a point of controlling importance in some 
applications. 

For both types of parabolic reflectors, the feed is located at or near the focus, and the 
section used may be symmetrical about the axis or off to one side (usually the former). 

(b) Lenses. Dielectric lenses can be used, and they have found considerable applica- 
tion in the first step of cylindrical expansion described above, i.e., in the formation of 
line sources, low-loss polymers being commonly used as dielectric. For spherical optics, 
however, such a lens becomes too massive. W. E. Kock (see reference 12) has developed 
other types of lenses particularly suitable for microwave use, for example that which 
employs metal plates instead of dielectric material. All lenses depend on having a mate- 
rial in which the phase velocity is different from that of surrounding space. If a plane 
wave were incident on a bottomless metallic honeycomb in a direction parallel to the cells, 
it would pass through more or less unimpeded if the rrequency were above the critical 
frequency of the individual cells considered as wave guides. However, the phase velocity 
in these wave-guide cells would be greater than that of light, and the material as a whole 
would therefore possess a refractive index less than unity. Lenses can, therefore, be con- 
structed by grading the depth of the cells in a manner analogous to that of optical lens 
practice, with this difference, that a form which causes divergence in a lens of glass will 
produce convergence in a lens of this cellular material; for example, a planoconcave 
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cellular lens can be used as a collimator. If the wave is linearly polarized the cell spaces 
may be made indefinitely wide in the direction of the electric vector, the lens then becom- 
ing an assembly of spaced metallic plates; if in this case, however, the electric vector is 
made perpendicular to the plates, the wave passes through but with substantially the 
velocity of light, so that the device does not act asalens. The lens can be given a stepwise 
reduction in thickness by means of ‘‘zoning,” the “riser” of the step being that length of 
wave guide necessary to include one cycle less than a corresponding distance in free space. 
(See Fig. 20.) 

HORNS. Just as the hollow wave guide is the analog of the speaking tube, so the 
electromagnetic horn is the analog of the acoustical horn in function as well as in appear- 
ance. It is usually the tapered extension of a metallic wave guide, as shown in Fig. 2a 
and b though it can be excited in other ways. 

As in parabolic reflectors, the directional properties and gain of horns are determined 
by the excitation across the aperture, and the considerations given at the beginning of 
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Fig. 21. Optimum Horn Data. The electric vector is parallel to the dimension bm 


this article on ‘‘The Aperture” apply approximately. The distribution of intensity in 
the aperture of horns tends to be uniform in the # plane and sinusoidal in the H, a condi- 
tion resulting from the maintenance of the distribution natural to a small wave guide in 
passing from the throat through the taper to the aperture. Roughly then the half-power 
beam width in the # plane of large horns approximates 51 )/az, and in the H plane 
65 \/an, provided that a, the aperture dimension, is larger than one wavelength. 

The phase at the center of the aperture of a pyramidal horn tends to lead that at the 
edge owing to the difference in distance to the throat. For a given size of aperture this 
phase difference approaches zero as the length is increased, and the best length is infinity 
since any phase difference tends to reduce the gain. In a simple horn, therefore, the length 
is more likely to set a practical] limit than the aperture, and for a given practical length it is 
often important to know the flare or aperture that will give greatest gain. This ‘optimum 
horn” can also be defined as the minimum length of horn that will give a required power 
gain. It does not provide greatest efficiency of aperture area but deliberately tolerates 
an increase in area for a decrease in length. 

Figure 21 gives the essential dimensions of optimum horns, conical and pyramidal, 
which are taken from the article by A. P. King. (See reference 13.) The area efficiency 
of a large conical optimum horn is about 55 per cent; that of a very long horn of the same 
aperture is near 80 per cent. (See reference 13.) 
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Among the forms of horn are the conical, biconical, sectoral, and pyramidal. Horns 
can be used with lenses to avoid the undesirable phase difference across the aperture. 
Solid or metal plate lenses may be used. The advantage of a lens is that it very greatly 
reduces the length of the horn for a given aperture. (See Fig. 20.) 


31. PRACTICAL ANTENNA SYSTEMS 


In modern radio practice the highest frequencies are more than one million times as 
great as the lowest, extending as they do beyond the range from 30,000 cycles to 30,000 
megacycles. We have emphasized the unity of principle within this gamut of frequency. 
On the other hand, in covering the field of practical antennas it is necessary to examine 
types in great diversity. Space prevents any attempt to be comprehensive. In this article 
we can consider only representative antennas which illustrate different engineering prob- 
lems to be met in practice. 

ANTENNAS FOR LOW FREQUENCIES. In Fig. le and f are shown prototypes of 
antennas important during the first two decades of ‘‘wireless,’”” antennas which still are of 
practical importance below 1000 ke. Their common characteristic is the use of a flat-top 
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Fig. 22. Typical Multiple-tuned Antenna 


and a down-lead, but these have taken on many special forms—L, T, umbrella—with 
single or multiple down-leads. Except in favored situations (e.g., on board a ship), it has 
been necessary to build more or less elaborate ground systems comprising buried wires or 
an overhead ‘‘counterpoise”’ in order to raise the radiation efficiency to an acceptable value, 
and even then this efficiency might at the lowest frequencies be only a few per cent. Two 
general methods of improving efficiency are, first, to increase the height of the towers 
used (increase radiation resistance), and second, to use ground systems as already stated, 
frequently accompanied by multiple tuning (decrease the ground losses). Figure 22 shows 
an Alexanderson multiple-tuned antenna having six multipled down-leads and six tuning 
coils; its effectiveness depends on the fact that, although the ground resistances associated 
with the various down-leads act as though in parallel to give a low resultant ground resist- 
ance, radiation resistance is not correspondingly reduced. Obviously structures built on 
so large a scale are very expensive and have to be designed with great attention to economic 
factors. (See reference 14.) 

Figure 23 shows an antenna installation for a 150-ke land station such as has been used 
in communication with ships at sea. 


, t 


Sheave 70 380! 380 70 
, 

Vie Sr Metal Spreader} ERS 7 0 
~~ iY 
Wire Rope i ee eres i 
HH rie ~——_ (pe i 
By Insvlator LI 383+ fy 
oH Mller Rope xo) Operating Frequency 150 Ke. ff 
Ry Radiation Resistance21.6 @ 
Guyed Sk X 


n 
o 
@ 
a 
= 
© 
7) 
+ 
—_ se 


| } 
7B 7 7 i, . Wy We YY 
i 225 450! 450° ooo : 


Fie. 23. Flat-top Antenna for Operation on 150 Kilocycles 


A wave antenna usually consists of a long transmission line made up of two wires spaced 
about 30 in. and supported on poles about 25 ft high in accordance with standard pole 
line construction. The length is often about equal to that of one wave. Although such 
an antenna is a relatively poor radiator, its directional properties, together with the 
rather wide band of frequencies which it can accommodate, make it exceedingly useful 
in long-wave work. In particular, when used as a receiver, it is able to discriminate 
markedly against static arriving from other than the preferred direction of reception, 
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This provides a favorable ratio of signal to static. Because of its broad frequency char- 
acteristic it is possible to attach two or more receivers and simultaneously receive several 
frequencies. These signals must, of course, be arriving from the same general direction. 
The directional characteristic depends among other things on soil resistivity. Such 
antennas have not proved particularly effective in regions of high rainfall and high con- 
ductivity. Several wave antennas may be placed in broadside array as described above 
or they may be placed one back of another and sidestepped to form a staggered array. 
Figure 24 shows in schematic form a wave antenna and its associated terminating net- 
work. The impedance Z is equal approximately to the characteristic impedance of the 
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Fig. 24. Schematic of Wave Antenna. (The path may be as much as a mile, the height about 25 
feet. 


antenna. This prevents reflection and renders the device essentially unidirectional. The 
reflection transformer shown is an ingenious means whereby the accumulated signal re- 
ceived between the two wires and ground may be transmitted back to a receiver located 
at the incident end, over the metallic circuit consisting of the two wires themselves. (See 
reference 15.) 

ANTENNAS FOR MEDIUM-FREQUENCY BROADCASTING. Resonant antennas 
of the general type discussed in the previous sections (e.g., Fig. 23) have been used in 
broadcasting. A more common form, however, uses a tower or mast itself as the current- 
carrying conductor and radiator. Some of the forms which it takes, shown in Fig. 25, 
illustrate its basic simplicity. The self-supporting towers may be of constant cross-section. 
or tapered to a point at the top. The masts, supported by guys sectionalized by insulators 
to prevent them from taking part as radiators, are commonly tapered over the lower 
fraction of their height to a single compression insulator and ball-and-socket joint at the 
base. The upper portion of the mast may be tapered toward the top, but a top without 
this taper is probably more common. (See reference 16.) 
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Fig. 25. Typical Forms of Broadcast Antenna 


All the antennas shown in Fig. 25 are insulated at the base. There is a form called the 
“shunt-fed antenna’”’ (see reference 16), however, in which the tower is connected directly 
to the ground network. The feed wire is connected, not at the base, but sufficiently far 
above it to include an appreciable tower inductance. 

For daytime coverage in this frequency range the desideratum is a strong field in the 
horizontal direction, since waves leaving in an upward direction are ineffective either for 
good or for ill because they are absorbed by he ionosphere. Assuming antenna resistance 
to be confined to radiation and current to be distributed sinusoidally, the maximum hori- 
zontal field theoretically is obtainable when the height of the radiator is 5/g wavelengths 
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(225 electrical degrees, assuming that length of wave on the tower is the same as in free 
space). As shown in Fig. 11, however, such an antenna will have a strong minor lobe at 
30° from the vertical, and at night when ionospheric absorption tends to disappear waves 
may thus be received strong enough to be comparable with the ground wave. Undesirable 
fading may then be as serious as insufficient field strength would be, particularly in the 
upper half of the daytime frequency range. It has, therefore, become the practice to use 
radiators of that height and current distribution which gives the best compromise between 
field strength and freedom from fading, and tower heights from 0.53 to 0.55 \ (190° to 200°) 
are widely used. (See reference 6.) 

The considerations of directional pattern just described aim to protect the station’s 
listeners from its own sky wave. At points beyond the normal ground-wave range are 
receiving sets tuned to other broadcasters operating on the same frequency, and they 
must be protected from interference. New minima of signal strength in the elevation 
plane must therefore be provided in that azimuth, and in view of the great distances of 
the receivers the minima must be aimed far from the vertical, typically in the order of 75°. 
For this purpose arrays of antennas are common; such arrays for broadcasting have been 
discussed above under ‘‘Directivity of Linear Conductor Antennas: Arrays.’’ The proper 
design of such an array is a matter of some complication; not only is the accurate locating 
of towers and the specifying of their relative currents an exacting matter for calculation 
but also the experimental realization of the desired amplitudes and phases in the presence 
of the large mutual impedances which exist between towers makes it necessary to provide 
means for accurately adjusting measuring and maintaining the currents both in amplitude 
and in phase. (See reference 7.) 

SPECIAL ANTENNAS FOR BROADCAST RECEPTION. Many broadcast receivers 
are supplied with built-in antennas which, although inefficient as compared with the 
‘“‘custom-built”’ antennas that are feasible in point-to-point work, give adequate perform- 
ance, thanks to the high gains of receivers and the surplus signal laid down most of the 
time by powerful transmitters. In the few cases where both received field and atmos- 
pherics are below set noise advantage may be taken of large antennas. If the antenna is 
located where the ratio of ambient noise to ambient signal is too great, it can frequently 
be relocated in a quieter spot remote from the receiver and may be connected to the re- 
ceiver by a shielded transmission line. This is sometimes done in apartment houses, a 
broad-band amplifier then being employed to permit distribution to a large number of 
users. In the nature of the case broadcast reception of medium frequencies does not 
ordinarily permit the use of much directivity. (See reference 17.) 
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Fia. 26. Arrangement of Conductors and Impedance Matching Devices in a Sterba Array 


ANTENNAS FOR HIGH FREQUENCIES (2500 TO 25,000 KC). In this band of 
frequencies, almost exclusively used for long distances, the wavelength is small enough to 
make directivity feasible. Formerly the majority of directional-antenna installations 
employed broadside arrays of half-wave elements operative over a relatively narrow band 
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of frequencies. Many of these have been replaced by some form of long wire, which gives 
considerable directivity at moderate cost and is sensibly aperiodic so that it may be oper- 
ated at several frequencies simultaneously. Resonant antennas still find use, however, 
for example, where space considerations do not permit the more extended aperiodic types. 

Figure 3 shows schematics of various forms of broadside array. Several types of curtain 
arrays were described by C. S. Franklin, two of which are shown in the figure. Figure 26 
shows in somewhat greater detail the Sterba array, including feed lines, impedance match- 
ing devices and provisions for sleet melting. (See reference 5.) As will be noted by 
tracing the connections, it is possible without interrupting service to apply a 60-cycle 
power to this antenna for purposes of melting sleet, a provision found in earlier forms of 
linear conductor antennas (e.g., Fig. 22). 

It has already been pointed out that the directional characteristic of a long straight wire 
may be used to produce antennas of marked directivity. Two forms are represented in 
Fig. 27. The one at the left, called a “rhombic” antenna (BE. Bruce, reference 8), presents 
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Fig. 27. Alternative Forms of Folded Wire Arrays 


an impedance to the terminal equipment which has a constant resistive value, making it 
suitable over a wide frequency range (typically 2 to 1) provided that the accompanying 
shift of directivity is appropriate to the medium of propagation; in transatlantic work it is 
a fortunate circumstance that the higher frequencies used by day call for a more nearly 
horizontal ray than the lower frequencies used at night, making such an antenna suitable 
for a wide range of conditions. When the antenna is used for transmitting a considerable 
power has to be dissipated in the terminating resistance. For details of the resonant-V 
antenna shown at the right of Fig. 27, as well as several other interesting types, reference 
may be made to Carter, Hansell, and Lindenblad (reference 8). Long wires are also used 
in the vertical plane for directional effects, as in the “‘inverted-V antenna” shown in Fig. 28. 
An interesting application of array principles to reception of transoceanic telephony is 
afforded by the Musa receiving antenna, the arrays of which are constructed with rhombic 
antennas as the units. (See reference 18.) Over routes such as this, radio waves of high 
frequency usually travel by several paths 
simultaneously and arrive at different angles 
above the horizontal. These components 
arrive with unrelated radio-frequency phases 
and even with differences of time delay which 
are significant in the audio range (of the Toieaie 
order of a few tenths of a millisecond). Apparatus 
The Musa antenna (Multiple-Unit-Steerable- ~<— 
Antenna) takes advantage of the spread in 
angle of arrival to separate the component RicsosmilnvertedaVaAntenns 
waves, which may then be used singly, or in 
“diversity reception,’’ or combined with audio delay correction, etc. Since the waves are 
more reliably distinguished by differences in vertical rather than azimuthal angle of 
arrival, the unit antennas are arranged along the great-circle path rather than in broad- 
side array. One antenna used commercially has 16 unit rhombic antennas. in an array 2 
miles long. The combining of units is not done in the radio-frequency cireuits, but it is 
accomplished at intermediate frequency through the medium of a common beating oscil- 
lator. A multiple system of phase shifters permits the separation and simultaneous re- 
ception of the different components provided that they are sufficiently different in angle 
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ANTENNAS FOR VERY HIGH AND ULTRA HIGH FREQUENCIES. The exten- 
sive application in point-to-point and mobile services of frequencies above 30 Me has led 
to a diversity of antenna types. Figure 29 illustrates a few types useful for vertical elec- 
trical polarization and suitable for mounting on a pole. Except for one insulator which is 
specifically labeled, all lines shown represent conductive material, insulators being omitted 
in the interest of simple representation. The lower portion of (a) is the coaxial which 
feeds the upper /2 section at the middle in a series connection (the whole feed-line current 
flows into the antenna). The portion of large diameter does not touch the outer conductor 
of the feed line except at the top, an arrangement which tends to minimize waves standing 
on the supporting pole. In Fig. 29b there is a metallic conection between the top of the 
skirt and all adjacent parts; the feed is accomplished by bringing the inner conductor 
of the feed line through a hole in the outer one at a point inside the skirt which is protected 
from the weather. Figure 29c and d indicates two J-shaped antennas in which the radiating 
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section is the upper half-wave of one of the feed lines above the point where the other 
ends. (See reference 19.) Figure 29e shows a horizontal cross of four ground rods at the 
top of a large supporting cylinder, in the hollow end of which is mounted an inner conductor 
extending above it somewhat less than a quarter wavelength, the point of connection of 
the coaxial line being such as to match impedances. The section below this connection 
point provides a strong mechanical support for the radiating member above. (See refer- 
ence 20.) 

When horizontal polarization is used in ultra-high-frequency broadcasting there are 
several antenna types which may be considered. With this polarization it is easier 
than with vertical to increase the gain by ‘“‘stacking.’’ Several types are indicated in 
Fig. 30. 

The ‘‘turnstile’’ antenna is shown in Fig. 30a. (See reference 21.) Essentially it has 
two half-wave horizontal radiating members crossed at 90° and phased in quadrature. 
It is fed by a system of transmission lines. When equal currents are used in the two 
radiators, the directional diagram in the horizontal plane is a circle deformed somewhat 
toward a square. The vertical separation between stacked elements is one-half wave. 
The turnstile antenna has been adapted for broad-band use by employment of large con- 
ductors and careful attention to detail. A cross-section of such an antenna on the Empire 
State Building is shown in Fig. 30b, where the cigar-shaped conductors and the adjacent 
central parts are surfaces of revolution about the lines AC and BD. Separate transmission 
lines are provided at F for each of the four radiators. (See references 21 and 24.) 

Figure 30c is an ‘‘Alford loop,’’ which is in the form of a horizontal square the length of 
whose edge is a matter of design, but which, for descriptive purposes, may be taken as 
of the order of one-third wavelength. Current is supplied as shown, the currents in the 
four radiating members being equal in magnitude and alike in phase as shown by the arrows 
in the diagram. In stacking a vertical spacing of one-half wave is used. 
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Figure 30d shows a circular antenna (see reference 22) which also is substantially a loop 
antenna. The two circular radiating conductors indicated are electrically broken at B by 
a parallel-plate condenser without loss of mechanical continuity and strength, the whole 
assembly being capable of support from point A. The lower circle is broken at C, from 
which point the system is fed in the manner of the ‘‘folded dipole,”’ the ‘‘electrical length” 
of the circumference (taking account of the loading capacitance B) being one-half wave. 
Physically the circumference is less than this. This loop is attached to a vertical pole at A 
and is thus metallically grounded. The pole is inside the loop. The horizontal directional 
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pattern is elliptical, the maximum difference in field strength being somewhat less than 2 
db. When these units are stacked the vertical spacing is one wavelength. 

The ‘‘cloverleaf” antenna, due to P. H. Smith (reference 24) is shown in Fig. 30e. This 
consists of a slender tower (e.g., square) in the form of a conventional structural-steel 
lattice. Up the center is a conductor, which, together with the tower itself, forms a coaxial 
transmission system. The radiating ‘‘leaves’’ are attached as shown, forming a composite 
horizontal loop. The length of each of these conductors is about 0.4. In stacking, a 
half-wave interval is used, and, because of the resulting phase reversal, a clockwise loop 
has counterclockwise loops immediately above and below it. Within a range from 88 to 
108 Mc one antenna can be changed from one frequency to another by varying the vertical 
spacing between loops of one standard size. The horizontal diagram is substantially 

ar. 
ee ‘rocket’? antenna, described by Andrew Alford and shown in Fig. 30f, is a vertical 
cylinder, metallically closed at both ends (in the form shown), but having an open slot 
along one element of the cylinder. It is fed as shown at the point where the cylinder is 
cut away by establishing a voltage across the slot. It may be thought of as a “lossy 
wave guide supporting a transverse-electric mode, the critical frequency of which is (1) 
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considerably less than that of the dominant mode of an unslotted cylinder owing to par- 
ticipation of the slot and of the space outside the cylinder in the propagation of the wave, 
and (2) somewhat less than the operating frequency. The metallic ends produce a stand- 
ing-wave pattern which gives an approximation to uniform vertical distribution of radiating 
current over the outside, except near the ends. The antenna is in external effect somewhat 
like a vertical distribution of horizontal loops. In stacking the units are placed in close 
proximity. The field varies some 3 1/2 db in different azimuths. The diameter is somewhat 
less than one-half wavelength, and the driving-point impedance is tuned by folding the 
edges of the slot in. The ‘‘pylon” is a self-supporting antenna employing somewhat the 
same electrical principle. 

A horizontal square loop employing an interesting coaxial feed system has been de- 
scribed (see reference 23) and is shown in Fig. 30g. The sides of the square are electrically 
180° in length, and adjacent sides are fed at each corner in a pushpull manner from a 
vertical coaxial lying along the axis of symmetry, as shown. The ‘‘quarter-wave’’ sec- 
tions 7’ between the feed points and this coaxial also provide impedance transformation. 

See reference 30 concerning some other antennas of interest in this frequency range. 

{MICROWAVE ANTENNAS. Practical microwave antennas employ many component 
devices in various combinations, but we can here recognize only general forms without 
elaboration. Brevity may lead to omission of types of greater future importance than 
those included, but this is un- 
avoidable in a field so young 
and lusty. 

Devices used in the method 
of spherical optics are illus- 
trated in Fig. 31, which de- 
picts two point sources, and 
in Fig. 20, which shows cor- 
responding methods of colli- 
mation (production of parallel 
rays). Figures 3la and 20b 
show arear feed in which 

(a) (b) the energy comes through the 
wave guide from the left and 
is emitted from the two aper- 

jeathy Fia. 31. Typical Point Sources tures toward the left. (See 

reference 26.) Where appli- 

cable, rear feeds for reflectors provide a desirable method of mechanical support without 
serious interference with the electrical functioning either of itself or of the reflector. 

Conditions often dictate a “‘front’”’ feed. Wave-guide apertures or horns are frequently 
used. One of the latter is illustrated in Fig. 31b, a sectoral horn in which the electric vector 
might with appropriate design be either vertical or horizontal. The horn shown could 
suitably be used with a paraboloidal reflector having an elliptical or rectangular shape, the 
greater dimension being the left-right one (note that this horn radiates a beam which is 
considerably wider horizontally than vertically if the aperture has a vertical dimension 
greater than a wavelength). A wave guide whose open end faces the reflector is often 
used (with or without a flare) particularly where the paraboloidal reflector subtends large 
angles both in elevation and azimuth. 

When the feed is located in the path of the reflected wave, as in Fig. 20b, part of the 
energy will re-enter it and travel back along the transmission path into the transmitter. 
This may be great enough to cause trouble. One of the solutions for this difficulty is 
indicated in Fig. 20a, where the portion of the reflector which might cause a wave to be 
returned to the feed is omitted, and the feed, which is at the focus, is directed toward the 
active reflecting surface. A similar solution in which the path from feed to reflector is 
enclosed in a horn is indicated in Fig. 20c. Figure 20d shows how the spherically expanding 
wave from a point source can be collimated by a metal plate lens, such as has been described 
above. A lens in which zoning has been introduced to reduce lens thickness is indicated 
in Fig. 20e, while f suggests the advantage of a lens in shortening a highly directional horn. 

Figure 19 illustrates some principles of design involving cylindrical optics. Figures 
19a and 19b include line sources employing a linear array of dipoles and a sectoral parabola 
excited in the TE (rectangular) mode respectively. (Note that, according to the accepted 
convention, the designation Tio of the most common mode in rectangular wave guides 
gives place to THo, when the dimension parallel to the electric vector becomes greater 
than the other dimension of the cross-section.) 

In some applications, such as air-borne radar, it may be necessary to have in azimuth 
a sharp concentration, and in elevation a wide spread of signal having intensity distributed 
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according to some definite function of elevation angle. When this distribution gives 
uniform response along the ground the antenna is termed a cosecant antenna. 


32. DIRECTION FINDING 


Almost every type of directional antenna has, at some time or other, been used for 
direction finding, but there are a few types which are of especial importance due to their 
widespread use. (See reference 27.) Among those used in the lower frequencies are the 
loop in various forms and the Adcock antenna. Microwaves have their own distinctive 
methods, such as “‘lobing’’ and ‘‘scanning.’’ The directivity may be in the receiver or 
in the transmitter, and in radar it is commonly used in both simultaneously. 

The loop (see Fig. 1k) has great simplicity to recommend it but also these objectionable 
features to be avoided: it does not distinguish sense (e.g., east from west); it is sensitive 
to so-called antenna effect (response to electric vector independent of direction of arrival 
of the wave); and errors are found when the arriving waves have a downward direction. 

Signals arriving in a horizontal direction induce emf’s in a loop in proportion to its area 
and the magnetic field of the wave. At long waves most loops are small compared with a 
wavelength, and therefore they tend to pick up only small signals. This bona fide emf is 
therefore subject to interference from a spurious signal derived from the electric rather 
than the magnetic field (a more acceptable statement would be ‘‘from € rather than from 
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de/dx”). Although loops ideally possess symmetry which will suppress this component, 
as a practical matter it is likely to be an important source of error. Figure 32a (see refer- 
ence 28) shows an application of a method for overcoming this difficulty by the addition 
of a signal from an auxiliary small vertical antenna to balance out this antenna effect, thus 
obtaining sharp nulls. The same circuit has provision by switching for altering the phase 
of the added signal by 90°, so that it aids one of the loop maxima and opposes the other, 
thus establishing the sense (east or west). A practical embodiment of this type of circuit 
is shown in Fig. 32b (see reference 28). It illustrates the important method of using a 
shielded loop to reduce the effect of local induction fields and to preserve electric sym- 


metry. 
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The third kind of loop error occurs when the direction of arrival is not horizontal and 
there has been some rotation of the plane of polarization. It is really due to pick-up in 
the horizontal wires of the loop and can be combated by essentially getting rid of them. 
The Adcock antenna illustrated in Fig. 32c avoids this difficulty by eliminating the hori- 
zontal members and feeding the vertical ones by a shielded transmission line. 4 

Figure 32d depicts the Bellini-Tosi loop method of direction finding in which the loops 
are fixed. By means of shielded transmission lines (usually horizontal rather than as 
shown in the figure) and a goniometer, the direction can be determined in an operating 
room somewhat removed from the antenna itself, which in this case may be a large one. 

Figure 32e illustrates the principle of ‘lobing,’’ in which by one of several devices the 
direction of beam can be alternated between the positions of the solid and the dotted lines. 
When the antenna is oriented so that the signals are equal, the intersection of the lobes 
indicates the direction. This is the method used in many radars. 

Still another method is scanning, as indicated in Fig. 32f, where the beam, preferably 
very sharp, is swept periodically through a given range. The direction of maximum re- 
sponse gives the desired information. 


33. MISCELLANEOUS 


Antenna-testing methods are being studied by the Antenna Committee of the Institute 
of Radio Engineers, 1 East 79 Street, New York 21, N. Y. The report, when issued, will 
represent a much more complete document than that issued by the Committee in 1938. 
See reference 29. From the same source there is now available “‘Standards on Antennas, 
etc. Definitions of Terms,’ price 75 cents. - 

For information on transmission lines see reference 25. 

For information on antennas for aircraft see reference 31. 
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VACUUM-TUBE CIRCUIT ELEMENTS 


AMPLIFIERS 


By Loy E. Barton 


An amplifier is a device for increasing the energy associated with any phenomenon 
without appreciably altering its quality. 

Amplifiers used in communication circuits almost invariably employ thermionic vac- 
uum tubes as the amplifying elements. The vacuum tube is practically a pure resist- 
ance device at low frequencies. As the frequency increases to a point where the inter- 
electrode capacity impedance becomes appreciable with respect to the internal resistance 
of the tube « phase shift is introduced which alters gain or amplification. 

At still higher frequencies the time required for the electrons to reach the plate is ap- 
preciable with respect to a quarter cycle. When this transit time is about 20 to 30 
electrical degrees the amplifier characteristics are modified considerably. These ampli- 
fiers still fall in one of the three basic classes of amplifiers. 

A class A amplifier is an amplifier in which the grid bias voltage permits a steady plate 
current flow of such a value that the plate current varies directly as the grid voltage for 
the complete cycle of 360 electrical degrees. The resulting output voltage for an ideal 
class A amplifier is an exact reproduction of the grid voltage. 

The characteristics of the class A amplifier are low power output with a theoretical 
maximum plate power efficiency of 50 per cent and an operating efficiency of about 30 
per cent or less at full power outputs. The plate dissipation is maximum at zero out- 
put, and the plate circuit output network may be tuned or untuned for an undistorted 
output. The average value of plate current does not change during the cycle so that 
the input plate power is constant. 

A class B amplifier is an amplifier in which the grid voltage permits essentially zero 
plate current with no signal applied to the grid and the plate current is proportional to 
the grid swing when the grid swings in a positive direction from the bias point so that 
plate current flows for approximately 180 electrical degrees. 

The characteristics of the class B amplifier are comparatively high power output with 
a theoretical maximum plate efficiency of 78.5 per cent; in practice the efficiency ap- 
proaches 65 per cent at full output. The plate dissipation is a minimum and is com- 
paratively low at zero signal, increasing rapidly to approximately constant value at about 
25 per cent full output. However, the power input to the plate increases, with signal 
and power output, until the peak output is reached. Therefore, the plate current is a 
variable and the plate supply voltage should have good regulation. The class B am- 
plifier may be used as a single-tube tuned-plate circuit amplifier or the plate circuit may 
be untuned provided two tubes are used in a pushpull manner with appropriate input 
and output transformers. 

A class B,; amplifier is an amplifier biased and operated as a normal class B amplifier 
except that the grid swing does not go into the positive region. 

In general such an amplifier uses low-mu tubes in order that high plate currents may 
be reached without driving the grid into the grid-current region. The efficiency of this 
amplifier is lower than that of an amplifier in which the grid is driven to plate-current 
saturation, and the power output is lower. However, the grids take no power so that 
input circuit losses and distortion may be low. 

A class AB, amplifier is an amplifier so biased that the pushpull tubes act as a class A 
amplifier for low grid swings and go into class B; operation at higher grid swings. The 
grids are not driven positive. 

The only advantage of this type of operation is that somewhat higher outputs may be 
obtained for a given plate dissipation than can be obtained for class A operation and a 
cathode resistor can be used for self-bias. However, distortion is comparatively high. 

A class AB, amplifier is similar to the class AB, amplifier except that the grids are 
driven into the positive region for higher outputs. 

The characteristics of the class AB, amplifier are much the same as those of the class 
AB, except that the power output is higher, and the grid driving problem is about equal 
to that of the class B amplifier. 
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A class C amplifier is an amplifier in which the grid bias voltage is appreciably higher 
than the bias required for plate-current cutoff, and the plate current flows for a period 
less than 180 electrical degrees during the half cycle when the grid swing is positive with 
respect to the bias voltage. The grid swing is usually to the point of plate-current satu- 
ration, in which case the rms plate current is proportional to plate voltage and is not 
proportional to the grid voltage. 

The characteristics of the class C amplifier are high power output and an average plate 
efficiency in practice of 70 to 75 per cent, which may reach 85 to 90 per cent under special 
conditions. (See Fig. 35, p. 7-27, and discussion.) The theoretical maximum effi- 
ciency for the class C amplifier is 100 per cent. 


1. CLASS A AMPLIFIERS 


GENERAL USE. The class A amplifier is used for audio-frequency and radio- 
frequency voltage amplification, principally because the output voltage is a direct func- 
tion of the input voltage. The amplifying action of the vacuum tube follows from the 
equations developed for its plate current in Section 5. If all the terms but the first in 
eq. (17), p. 5-43, are negligible, the voltage drop due to the plate current of the vacuum 
tube fiowing through an external impedance is 


Zz 
= Wn = i) 
< ee perl & Tp + | e) 
or for a particular component of periodicity wm 
WE gZm 
a 1 
et ea (a) 


This voltage is a magnified replica of the grid voltage and is said to be amplified. 
The voltage amplification is the ratio of the change in voltage across the external load 
to the change in input voltage, or 


BVP? + em? 2m 
V(r AF Tp) + in" Z'm 
if there is no drop in the external grid circuit. Two special cases are of interest: First, 
when the load is a pure resistance; V.A. = ur/(rp + 7) which will equal 0.9 u when 


r = 9ry. Second, when the load is a pure reactance, V.A. = ptm! V re + am, which 
will approximate 0.9 w when xm = 2rp. 

The power amplification is the ratio of the power delivered by the output circuit to 
the power supplied to the input circuit, or 


V.A. = (2) 


erg!” 
eS [rp + 7)? + am? ](ri + Te) ) 
where z” is the total impedance in the grid circuit. 

For small power outputs, the power amplification is very high and is usually limited 
only by the input circuit losses. 

Cascade Amplifiers. The limitations of voltage and power amplification obtainable 
with one tube make it frequently desirable to use two or more tubes in cascade by coup- 
ling the plate circuit of the first tube to the grid circuit of the next tube, etc. Each tube 
with its associated circuits is called a stage of the amplifier, and the whole is termed a 
multistage or cascade amplifier. Cascade amplifiers are usually classified by the method 
of coupling used. 

The amplification per stage is defined as the ratio of the grid voltage of one tube to the 
grid voltage of the preceding tube. This is frequently expressed in decibels. 

For the resistance-coupled amplifier shown in Fig. 1, it is 


Vichiee ssa iarar ares @) 
i . i2 
ee t+ 241-524 
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For low frequencies, and when the grid biasing voltage is always negative, the amplifi- 
cation limit per stage of this type of amplifier is u. 


V.A. = an (5) 
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A direct resistance coupled amplifier of the type shown in Fig. 1 is used when it is 
necessary that a d-c voltage be amplified. It will be noted that the required B voltage 
increases with each stage and that independent filament supplies are needed for direct- 
heated tubes. In the case of indirectly heated cathodes a separate heater supply is usu- 
ally needed because of the excessive heater cathode potential. 
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Fic. 1. Direct Resistance Coupled Amplifier, Common B and C Batteries, Separate A Batteries 


The amplification per stage of the resistance-capacitance coupled amplifier shown in 
Fig. 2 is 


7) 
V.A. = (6) 
il aE all ORS LUTE EN) 
2Zi2 TK TT i2 TT K Tr 


in which Z, is the reactance of the coupling condenser C. A reactance may be substituted 
for either r or rx, or both, in which case these constants are changed from r to z in eq. (6). 


Fia. 2, Resistance-capacitance Coupling 


If the input impedance to the second tube is very high and the impedance of the coupling 
condenser negligible eq. (6) reduces to 


1 iad 
V.A. = a I eal (6a) 
TG it 


from which it is seen that the higher the resistance of the parallel combination of r and 
rx the greater the realized amplification will be. The limiting value of rx is usually 
1 megohm or less, so that it is of little value to make r greater than 75,000 to 100,000 ohms. 

The plate voltage supply must be great enough to operate the tube at a desirable point 
and to supply the drop in the load resistor in order to obtain maximum voltage in the 
succeeding tube. A lower plate supply voltage may be used with a corresponding re- 
duction of bias if maximum voltage output is not required. This will have little effect 
on the amount of amplification obtained. 

Cascade operation of two or more resistance-capacitance coupled audio amplifier stages 
is subject to a low-frequency oscillation or ‘‘motor-boating,”’ resulting from a feedback 
of low frequencies due to the common a-c impedance of the plate supply at frequencies 
so low that the filter condensers are not effective. To correct the motor-boating diffi- 
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culty, it is usually necessary to limit the low-frequency response or isolate one or more 
of the resistance coupled stages. The low-frequency response is most easily reduced by 
decreasing the size of the coupling condenser (C in Fig. 2). 

A transformer-coupled amplifier is shown in Fig. 3 and its equivalent circuit in Fig. 4. 
In the equivalent circuit, account is taken of the distributed capacitances (C2 and Cs) 


M 


Ep 
Fia. 3. Transformer Coupled Amplifier 


Fie. 4. Equivalent Circuit of the Transformer Coupled Amplifier of Fig. 3 \ 


of the windings and of the distributed capacitance (Cy) between windings. The trans- SS 
former windings are assumed to be poled so that the effect of this latter is a minimum. 
The voltage amplification of each stage is then 
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Note that if the incidental resistances of the transformer windings are neglected zy, 
Zz, and Z, are all pure imaginaries. 

The maximum value of V.A. with respect to z5 occurs under two conditions: one value 
(infinity) will give maximum value of V.A. for all frequencies; the other value, dependent 
in a complicated manner on the mesh parameters, will give a maximum for only one 
particular frequency. The same result is found when z, is considered the variable. 
These correspond to the cases of tuned and untuned transformers. (See p. 6-08.) 
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When substantially equal amplification is required over a broad frequency range the 
distributed capacitance should be made as small as possible. Assuming 22 and zs infi- 


nite and Cy zero, eq. (7) reduces to 
V-Ay = 


po 2:2 (7a) 
(21 + 23) (Zi2 + Z4) + w?M? 
By tuning primary and secondary circuits as shown in Fig. 5, the maximum amplifi- 


cation (at one frequency only) is 
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Fria. 5. Tuned Transformer Coupled Amplifier 


Output 


Mi 


Fie. 6. Tuned Coupling. The tuned circuit is ZLa-Ly-C. The coil Z% and the capacitor C;% are 
inserted to get proper bias on the grid tube 2. 
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Fie. 7. Tuned Coupling. The tuned circuit is Cg—Cy-L. The coil Zz is inserted t 
4 ° Oo get 
potential on the plate. of the first tube. . Se 


Other forms of tuned amplifiers are shown in Figs. 6 and 7. For the resonant fre- 
quency the amplification of the circuit of Fig. 7 is 


VA. = 5 8) 
ro jw : j j 
ge 1 
(; Ziz )c + goCare) + waz a wCaZi2 


where z = r + jwl. 
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Performance. Certain tube characteristics are supplied by the tube manufacturers 
(see Section 4) which are used to predict the performance of tubes as class A amplifiers; 
representative curves and tube constants will be given herein with sample calculations of 
performance. A typical general-purpose triode is the 56-type tube whose plate char- 
acteristics are given in Fig. 8. ss i fan eet <. 
It will be noted that each 
curve of plate current against 
plate voltage is drawn for a 
given grid or bias voltage 
denoted as E,. From these 
curves, the various constants ,10 
of the tube may be calculated 
as explained in the section 
on vacuum tubes. The con- 
stants for the 56, as calculated 5 
from Fig. 8, at approximately 4 05} 
238 .volts at the plate, 13.5 “ ay rae 
volts bias, and 5 ma plate cur- 
rent, are plate resistance (rp) Be 
equals 10,000 ohms, amplifica- () 100 200 300 400 500 
tion factor (u) equals 15, and Plate Volts 
the grid plate transconductance Fie. 8. Type 56, Plate Characteristics 
(sm) equals 1500 micromhos. 

INPUT CIRCUIT CALCULATIONS. A typical circuit for the 56 tube as a trans- 
former-coupled audio amplifier is shown in Fig. 9 and its approximate equivalent in 
Fig. 10. If the tube used in Fig. 9 is the 56 type with characteristics as shown in Fig. 8, 
and its various constants are as indicated above, the constants of the circuit and per- 
formance of the tube may be calculated as follows: 

The self bias resistor, 71, is calculated for a 13.5-volt operating grid bias voltage with 
5 ma plate current, in which case, according to the curves in Fig. 8, the voltage across 
the terminals marked minus and plus for plate supply should be 250 volts and the actual 
plate voltage will be about 236.5. The value of the resistor, 71, is 18.5/0.005 = 2700 ohms. 

The by-pass condenser, C,, must effectively by-pass 7; at the lowest audio frequency 
desired so that the pulsating plate current through 7; will not generate an audio voltage 
appreciable compared to that applied to the grid. The voltage across 7; is out of phase 
with the input voltage so that the low-frequency gain may be lower than the gain at other 
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Fia. 9. Transformer-coupled Class A Amplifier Fie. 10. Equivalent Cir- 
cuit for Fig. 9 


frequencies if the impedance of C; is large. The capacitance, C2, across the plate sup- 
ply may be the plate-supply filter condenser but, in any case, must have sufficiently low 
impedance at the lowest desired frequency to by-pass the plate supply effectively unless 
the a-c impedance of the plate supply is very low. 

OUTPUT CALCULATIONS. The dotted resistance r in Fig. 9 is the equivalent im- 
pedance (as nearly unity power factor as possible) of the primary of the transformer, 
T, with the load resistance, 75, transferred from the secondary into the primary. It will 
be noted that 7 is in series with the plate of the tube and may be represented by a load 
line drawn through the operating point at 5 ma plate current and 13.5 volts bias in 
Fig. 8. 

The proper value for this resistance is obtained by drawing a line through the operating 
point and the point on the zero grid voltage curve representing the maximum desired 
value of the operating plate current (in this case 9 ma, since experience has shown that 
an 80 per cent change in plate current is a reasonable value to assume). A check along 
the load line as drawn indicates that, if the grid swings in a negative direction to double 
the grid voltage of 13.5 volts, the decrease in plate current is only 3.2 ma, approximately. 
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This load line represents approximately 43,000 ohms and is r as shown in Fig. 9. The 
approximate second harmonic under these conditions may be calculated by the following 


formula: 


Is max + Ty min — 214 
2(Ib max — Jb min) 


= per cent second harmonic approximately 


= 5.5 per cent for 80 per cent increase in plate current 
as assumed above 


(9) 


in which J; is the “‘no-signal plate current,’’ Jp max is the peak plate current, and Z3 min is 
the minimum plate current. 

Note that if the maximum current change is equal on each side of the operating value 
the second harmonic is zero, since (Jy max — Js) — Us — Zp min) = 0. If intermediate 
points are considered and it is found that equal grid-voltage increments do not cause 
equal plate-current increments throughout the range, higher harmonics will be present. 
(See p. 5-47.) 

The average power output may be calculated by the following formula, which is readily 
derived from peak values of a-c voltages and currents. 


(Ly max — Jb min) (E> max — E> min) 


= power output or 0.28 watt approximately, (10) 
8 for full grid swing in the above case 


in which EF} max is the maximum plate voltage and EF min is the minimum plate voltage. 
The theoretical maximum J» max for the class A amplifier is 27;, and the minimum J; min 
is zero. The corresponding theoretical maximum E) max is 2H, andthe minimum £3 min 
is zero. 
The plate power input is expressed by the formula H,J, = watts input. Therefore, 
the plate efficiency at maximum output is 


Pinetree (Ip max — Jp min) (#5 max — Es min) 


= 2 11 
SEale 3 per cent (11) 
The load resistance is 
E Ses 
= (Bo max — Ey min) = 43,000 ohms approximately (12) 


- Io max — Jb min) 


The total plate voltage swing is approximately 314 volts, and the total grid swing is 
27 volts, which is 


(Ey max — E> min) = 314 
(Ec max — Ec min) 27 


= 11.6 approximate actual amplification by the tube (13) 


In the above circuit the transformer T may be designed as a voltage coupling trans- 
former to supply a secondary load as high as 200,000 ohms or more, an output impedance 
which is not particularly difficult to obtain especially if a choke voltage feed is used as 
shown in Fig. 11, so that the d-c plate current does not go through the transformer pri- 
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Fie. 11. Shunt Transformer-coupled Amplifier 


mary. The turn ratio would be the square root of the impedance ratio or a turn ratio 
of the primary to secondary of at least 2.2. The total amplification of this amplifier 
stage including the transformer is 11.6 X 2.2 = 25.5, approximately. 

The above condition is also approximately the condition for maximum power output. 
If the calculated distortion is too high, the grid swing may be reduced with a correspond- 
ing reduction of power output. In actual practice, the grid swing is usually very small 
if the amplifier is used as a voltage amplifier so that maximum voltage output is not ob- 
tained but the voltage amplification is the same; in such a case the second harmonic may 
be negligible (far less than 1/2 per cent). 
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PERFORMANCE CALCULATIONS FROM TUBE CONSTANTS. Referring to the 
equivalent circuit shown in Fig. 10, the voltage amplification of the combination of 
Fig. 9 and Fig. 8 may be calculated from the constants of the tube by means of the fol- 
lowing formulas: 


r 
£, 
bas & a >) ci 
V.A, = ————_~ = zp (| —— 
Eg Tp +7 
= 12.2 gain without transformer (14) 


= 


in which £, is the rms grid voltage and the other constants are as defined above. 
The power output for full grid swing of 13.5 volts peak or an rms value of 9.6 volts is 


ENG oil 


Tp 

It may be seen that, by using the constants of the tube in the equivalent circuit of 
Fig. 10, the performance calculations do not differ materially from the performance cal- 
culated from the curves in Fig. 8. The small discrepancy may be accounted for by the 
fact that the constants of uw and rp used in eqs. (14) and (15) are obtained by using smaller 
increments of voltage and current changes than are used in eqs. (10) and (13); in other 
words, the effect of distortion is neglected. 

It will be seen that, if the circuit shown in Fig. 9 is used, the only difference between a 
voltage and power amplifier is the design of the transformer, 7, which in a voltage ampli- 
fier works into a high resistance and in a power amplifier works into the desired load, 
the turn ratio being chosen to present the same equivalent primary impedance. 

If in the resistance coupled amplifier the load resistance is 43,000 ohms, the gain is 
the same as calculated for the above case if rx >>r. The same load line as shown in Fig. 8 
may be used provided the plate supply voltage is equal to the value indicated by the in- 
tersection of the load line and the zero plate-current axis. This plate voltage is approxi- 
mately 460 volts instead of the 250-volt supply for the transformer-coupled case. 

POWER OUTPUT AND PLATE EFFICIENCY. In the operation of vacuum tubes 
as amplifiers (also as oscillators, or detectors) at low power levels it is usually desirable 
to get as much output signal power as possible from a given tube regardless of the plate 
efficiency (the ratio of the output signal power to the input plate supply power). Under 
such conditions there is usually one of two parameters limiting the power output, namely, 
the input signal voltage in amplifiers and detectors, or the plate supply potential in the 
case of all vacuum-tube operation. 

When the input signal voltage is the limiting factor, and the tube is operating over a 
linear part of its characteristic (for detectors this means linear with respect to its detec- 
tion characteristic—see Detectors, p. 7-76), the vacuum tube can be considered a gener- 
ator with an internal resistance. Then the maximum power output occurs when the 
load is a pure resistance equal to the internal resistance. 

Frequently the input voltage available is large enough so that for the given plate sup- 
ply voltage the introduction of distortion is the limiting factor. Using the Taylor’s 
series development of the plate current up to and including the second power term, War- 
ner and Loughren (Proc. I.R.E., Vol. 13, 709 [1925]) showed that under these conditions 
the maximum undistorted power output is obtained when the load was resistive and 
equal to twice the internal resistance. Experiment has generally shown this to be ap- 
proximately correct for amplifiers using low amplification triodes in class A operation 
but that no such simple rule applies in high-mu triodes, tetrodes, pentodes, and class B 
operation of triodes. The optimum value of load resistance is usually determined ex- 
perimentally and forms part of the operating data furnished by the tube manufacturer. 

When vacuum tubes are operated at high power levels it is usually economically neces- 
sary to consider the plate efficiency. This is given by the formula 
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where % is the component of the current in the plate circuit having the desired output 


frequencies and amplitudes; eo is the corresponding voltage drop across the load zz, the 
resistance component of which is rz; 7 is the instantaneous value of the plate current; 


E; is the plate supply potential; and 7’ is a complete period of 7. 


Out h= = 0.27 watt (15) 
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When the current 7 is given in the form 
t= Io + I; cos wt + Ig cos 2wt + -:> 


the plate efficiency becomes 


when the fundamental is the desired frequency of the output power. 
PUSHPULL AMPLIFIER. Figure 12 represents a pushpull amplifier, which has sev~ 
eral advantages over the single-ended amplifier. A class A pushpull amplifier does not 
take a pulsating current 


from the plate supply for 

(( the ideal condition, and in 
2r —>Output practice the variation of 

: supply plate current is neg- 

ff ligible. This essentially 
constant plate current per- 

ie mits the omission of the by- 
! pass condenser that is re- 
L quired in a single-ended 


class A amplifier, shown as 

Fre. 12. Pushpull Amplifier == ~—~—”—sSY,: in Fig. 9. Another ad~- 

vantage of the pushpull am- 

plifier is that the d-c magnetizing current in the primary of the plate transformer is 
balanced out, which simplifies the plate transformer design. (See p. 6-17.) 

The equivalent circuit of the pushpull class A amplifier is shown in Fig. 13, which is 
similar to the circuit shown in Fig. 10, except that the resistances of both plates are in 
series with the load resistance. In order that the load resistance r of 43,000 ohms be 
obtained for the 56-type tube as discussed for the single-ended amplifier, it is necessary 
that the primary impedance of the loaded output transformer be 86,000 ohms, which is. 
not very practical for voltage amplifier purposes, because of the large number of turns. 
required in the primary. Another disadvantage of the pushpull voltage amplifier is that. 
one-half of the total input voltage is available for each grid and the increased power out- 
put increases the output voltage into a given resistance 
by only approximately 40 per cent. Therefore, the 
actual decrease in voltage gain by using two tubes in 
pushpull-instead of one single-ended tube is about 20 per 
cent. 

The calculations of power output of the class A push- Pig Oia esas dient Cardtae fom 
pull amplifier may be made by using eq. (10) or (15), if Class A Pushpull Amplifier 
the results are multiplied by 2. The load resistance is 
calculated by multiplying eq. (12) by 2 so that the transformer primary impedance (plate 
to plate) is double the value obtained for a single-ended amplifier. 

TRIODE VOLTAGE AMPLIFIER. The class A voltage amplifier in general uses a 
special high-gain type of tube instead of the general-purpose tube such as the 56. The 
tube characteristic desired is indicated by eqs. (13) and (14). The higher the amplifica— 
tion constant yw, other constants being equal, the higher will be the voltage amplification. 
Tubes designed primarily for voltage amplifiers of the triode type are the 240, 841, 85, 
203A, and others. The general-purpose tube such as the 56 discussed in some detail 
also has quite extensive application as a voltage amplifier, where interstage coupling 
transformers are used. In general, the plate resistance of the high-amplification-factor: 
tubes is quite high, so that such tubes are employed principally in resistance-coupled ampli- 
fiers. Because of the general use of screen-grid tubes as high-gain amplifiers the triode is. 
becoming less common as a voltage amplifier except where coupling transformers are used. 

TRIODE POWER AMPLIFIER. The above discussion applied primarily to the 
triode as a class A amplifier in which, in general, the grid is not driven into the positive 
region. With this limitation for grid excitation, it is seen from eq. (10) that the higher 
the plate-current swing for a given plate-voltage swing the greater will be the power out- 
put and correspondingly the greater the plate dissipation. Therefore, a power tube to 
operate as a class A amplifier, without positive grid swing, should be a low-plate-resistance- 
tube with a correspondingly low amplification constant and capable of relatively high 
plate power dissipation. The various types of triode tubes primarily designed for the- 
class A power output service are the 31, 45, 2A3, 842, 250, 845, 849, and 848. The type— 
31 tube is the small battery tube rated as 0.375 watt output; the 848 is a large water— 
cooled tube rated at approximately 1900 watts output as a class A amplifier. 
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A typical low-plate-resistance tube designed as a class A power output tube is the 2A3, 
the plate characteristics of which are shown in Fig. 14. Calculations similar to those 
made on the 56 tube indicate that about 3.5 watts output can be obtained from the 2A3 
with a load resistance of 2500 ohms, a bias of 43.5 volts, a plate voltage of 250, and a 
plate dissipation of 15 watts at zero out- 
put. The plate dissipation decreases from 
full value at no signal to the full value 
less the output power with signal. The 
above 15-watt plate dissipation for the 
2A3 decreases to 11.5 watts at full output. 

PENTODE VOLTAGE AMPLIFIER. 
The class A pentode amplifier may be s 
used as a voltage amplifier for audio or 2 
radio frequencies. The fundamental cal- S100 
culations of power output and determina- 
tion of load (r) lines is essentially as dis- 
cussed for the triode amplifier, but certain 50 
‘details of the calculations are different. 

One of the principal differences is that ZO 
the amplification factor is much higher ) ae c AA : 

than the amplification obtained in prac- : aks a Plate Volts od 
tice because the plate resistance, rp, of Fra. 14. Type 2A3 Plate Characteristics 

the tube is much higher than it is feasible 

to equal with a load resistance, 7. Because of the very high amplification factor of pen- 
todes as well as tetrodes with a correspondingly high plate resistance, eqs. (10), (12), 
and (13) are much more useful than eq. (14). The transconductance, g», for the pen- 
todes and tetrodes is also quite useful in performance calculations. 

Referring to the definition and means by which the transconductance was obtained 
(as given in Section 4), it will be noted that the condition for obtaining data for gm cal- 
culations is that the resistance in series with the plate is zero or at least sufficiently low 
not to alter the observed plate-current change for a given grid-voltage change. It may 
be seen from the plate current characteristic of a type-57 pentode, as shown in Fig. 15, 
that the slope of a load resistance line drawn through the indicated operating point does 
not alter the plate-current change appreciably for a given grid voltage swing. This tube 
is used extensively for radio-frequency and audio-frequency high-gain amplifiers. Ex- 
cept where maximum power or voltage swing is desired, it is not necessary to use the 

plate-current curves to make 


‘250, 


200 


8 r) performance calculations (ex- 
4 erilevoltieeor += 0.5) cept to prevent overloading), 
as such calculations can be 

6 =56) readily made from the con- 
stants of the tube. For the 

2D =15 conditions as given in Fig. 15, 
= the transconductance at —3 
o4 200 volts bias is 1225 micromhos, 
=e =2.5 the plate resistance is given 
nn as greater than 1.5 megohms, 

2 ees a : and the amplification factor 
—205 ship is greater than 1500. It is 

a “S67 0) obvious that, with the more 
See or less indefinite amplification 

95 100 200 300 400 500 factor and plate resistance, 

. Plate Volts the equations involving these 

Screen Volts = 100 Suppressor Volts = 2 constants are of little value in 

Fie. 15. Type 57, Plate Characteristics calculating the voltage gain 


in a 57 amplifier. However, 

since the gm of the tube is definite within limits and the above constants are high, the 

plate-current change for a given signal Hz is: Lggm = Ip and Ipr = Ey. Therefore, the 
voltage gain is 

E> 


= gmr = Voltage gain (16) 
Eg 


For the assumed conditions and a load of 100,000 ohms the voltage gain is 


1225 < 107° X 100,000 = 122.5 
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The above value of voltage amplification is approximately 6 per cent high if the plate 
resistance of the tube is 1.5 megohms, but such corrections are usually unnecessary unless 
great accuracy is required, and then it is advisable to measure the transconductance of 
the tube, as well as the plate resistance, at the point of actual operation. A decrease of 
load resistance to 50,000 ohms reduces the gain to approximately 50 per cent of the above 
calculated value, and the accuracy is greater because of the lower value of load resistance 
relative to the actual plate resistance. 

In an audio amplifier it is possible to attenuate the high audio frequencies considerably 
if the load or coupling resistance is sufficiently high so that the shunting capacitances 

appreciably lower the imped- 


16 ance of r. These capacitances 
Screen Volts =100 . 

Suppressor Volts=0 are the plate to suppressor grid 

14 Grid Volts, Eor= capacitance of the 57 amplifier 

12 -1 plus the capacitance of the tube 

or device to which the amplifier 

<10 | So. iscoupled. The output capaci- 

= 205 -3 tance of a 57-type tube as an 

28 audio amplifier is about 6.5 uyuf, 

= Esmt—5 and the input capacitance to a 

: similar following stage of am- 

4 The send = plification is about 5 wyf or a 

19} total of about 12 uuf, the im- 

2 20 pedance of which is about 1.3 

38 | megohms at 10,000 cycles, 

% 50 100 150 200 250 300 which would not appreciably 

Plate Volts affect the above 57 amplifier 

Fra. 16. Type 58, Plate Characteristics with an r of 100,000 ohms, at 


the higher audio frequencies. 
As commonly used the voltage output from a 57 amplifier is so small that little non-linear 
distortion is introduced. 

If the tube is used as a radio-frequency amplifier, the plate impedance is obtained by a 
parallel-resonant, or an equivalent, circuit in series with the plate, and for known equiva- 
lent series impedance of the plate circuit the voltage gain may be calculated as indicated 
above. Since the tube resistance is very high, the selectivity of the amplifier for tuned 
output is essentially the selectivity of the tuned plate circuit. 

VARIABLE-GAIN PENTODE VOLTAGE AMPLIFIER. The 57 tube just discussed 
is not well adapted to use as a variable-gain control tube by changes in the bias. A tube 
designed primarily for a bias-controlled vari- 
able-gain amplifier is known as the type-58 
tube, the characteristics of which are shown 
in Figs. 16 and 17. Since the plate resistance 
of the tube is approximately 800,000 ohms or 
more, the gain as calculated by eq. (16) is quite 
accurate and the gain decreases as the negative 
grid-bias increases because the transconduct- 
ance decreases for increased bias. The distor- 
tion in the output of this tube is greater than 
for the 57-type tube, and for this reason the 
58-typeisnot generally used foran audio voltage 
amplifier. Ifthe plate circuit of the 58 is tuned 
and the grid-voltage swing is not too great, little 
distortion results from the use of this tube in 
the radio-frequency system of areceiver. The 
bias may be supplied from an automatic vol- 
ume-control system, the output of which supplies 
a bias that is proportional to the carrier 
value of the received signal, or may be controlled manually, or by a combination of the 
two. The type-58 or other tubes with the approximate exponential grid voltage vs. plate 
current characteristics (such as types 34, 35, 39, 78, 6C6) are almost universally employed 
in receivers so that a simple bias control may be used to control the sensitivity of the 
radio-frequency amplifier. (See Ballantine and Snow, Proc. I ‘R.E., Vols 18) "Nos 12; 
p. 2102 [December, 1930].) Such a system permits an automatic volume control to de- 
termine the output level to the audio system so that all stations above a predetermined 


level and with a given percentage of modulation will be reproduced at essentially the 
same volume. 
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Fie. 17. Type 58, Transconductance 
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It will be noted that, of the tubes listed, all are pentodes except the early exponential 
tube, type 35. The principal reason for the pentode construction is that the plate voltage 
swing is not limited by the 80 


; T 7 
screen-grid voltage for the Screen Grid Volts=250 idl Volts Eg 
pentode as for the screen-grid 70 ot 

tube. : 


PENTODE POWER AM- 9 


PLIFIER. This latter charac- 50 e g 
teristic of pentode tubes per- < S 
mits comparatively large power = 40 Lol, ke 
outputs from tubes designed 5 15.3 

Ean 5. 16 


primarily as audio power out- 
put tubes. The power pentode Ecry20 
tubes are used principally as | 


5 


audio power amplifiers in radio 10 a 
receivers; however, the power- —30.6 
; 0 Saas SE SES 6 
en = y 
type pentode designed for use 0 BO 160 240 320. 400 480°" 
in transmitters is gaining Plate Volts 
favor, but not for class A am- Fig. 18. Type 47, Plate Characteristics 


plifiers. 
The first power pentode tube designed for the output system of receivers was the type 
47, but it is being replaced by the indirectly heated cathode pentodes such as types 2A5, 
42, and 41. The characteristics of the 47, however, are typical of the power pentodes. 
The plate characteristics for the 47 are shown in Fig. 18, and power-output calculations 
for full grid swing may be made by using eq. (10). The load line drawn through the 
operating bias of 15.3 volts at 250 volts on the plate and screen grid represents 7000 ohms 
and is approximately the load resistance for maximum power output for full grid swing 
and minimum distortion. A typ- 
ical circuit for the pentode class 
A power amplifier is shown in Fig. 
19, for the 47-type tube. The cal- 
culated power output according to 
eq. (10) is approximately 2.4 watts. 
Two tubes may be used in push- 
pull similar to Fig. 12. The de- 
= sirable characteristic of the pentode 
Fig. 19. Circuit for Single Type-47 Audio Amplifier tube is its power sensitivity, that is, 
the ratio of power output per volt 
of signal applied tothe grid. Thisratio is 3 to 4 times as large as for triodes, but the pentode 
power tube has several peculiar characteristics which are not particularly desirable. 
Distortion in Pentode Audio Power Amplifier. Referring to Fig. 18, it will be noted 
that the plate-current increase for a peak grid swing of 15.3 volts (the value of the bias) 
is practically equal to the plate-current decrease for the same grid-voltage swing in the 
negative direction along the 7000-ohm load line. Therefore, the second harmonic is es- 
sentially zero, but it can also be seen that the plate-current change per volt change jin 
bias near the extreme swings of the bias 3 
decreases, which produces a flat-topped 
wave. The predominating harmonic in 


such a wave is the third, but other har- 

monics may be present, their value de- @ 
pending on the flatness of the top of the $2 Be 
output wave. (Seep. 5-47.) Itisusu- i 
ally much simpler and more accurate to 3 Rew 
measure the harmonic content under ac- 6 ” 
tual operating conditions than it is to cal- 3, Screen Volts=250 14 q 
culate it. All the unknown factors, such é Plate Volts=250 © 
as inefficiency of output transformer eS Waa 

and lack of proper plate supply filtering, 2 
are accounted for in the measured val- 

ues; their effects are very difficult to de- % 500 5666 F000 f°) 
termine and express mathematically. Load Resistance, Tpw Olimns 
Experimental curves of percentage dis- Fia. 20. Type 47, Output Characteristics 


tortion of a 47 tube are shown in Fig. 20. 
BIDIRECTIONAL AMPLIFIERS—REPEATERS. All the circuits considered above 


amplify in one direction only and will not pass appreciable energy in the other direction. 
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There are some applications, notably two-way telephony over wires, where it is desirable 
to amplify in either direction. (See also Section 17, p. 39.) 

Figure 21 shows a schematic diagram of a circuit which amplifies signals coming from 
either end of the circuit, line West or East, and distributes the amplified signals equally 
between the two lines. Inclosed within the dotted line is a three-winding transformer; 
as shown in article 7, p. 6-12, if the proper circuit adjustments are made, energy coming 
from either line is divided by the three-winding transformer equally between the input 
circuit (connected across 
A-B) and the output cir- 
cuit (inductively con- 
nected). The half enter- 
ing the output circuit is 
dissipated as heat; but the 
half entering the input cir- 
cuit is introduced into the 
grid circuit of a vacuum 
tube through a step-up 
transformer and a poten- 
tiometer. This is ampli- 
fied by the tube, or tubes, 
and appears in the out- 
put winding of the three- 
winding transformer 

be le : where it is again divided 

Fie. 21. Bidirectional Amplifier 1 GaAIyabete oom anetaa 

West lines. Thus, although the incoming energy is twice divided, so that only one- 

fourth of it is utilized, the power amplification of the tube, or tubes, may easily be several 
hundred, so that the net result is a great increase in energy over the original. 

The chief practical difficulty with this circuit is that the impedance of lines West and 
East must be identical at all frequencies, or energy will be fed by the three-winding trans- 
former from the output to the input circuit and the tube will furnish sustained oscilla- 
tions, or “‘sing.”’ 

To avoid the requirement of working between similar impedances a circuit such as is 
shown in Fig. 22 is used. Here a network of resistors, inductors, and condensers is de- 
signed to balance the external impedance on each side of the amplifier. The principle 
of operation is the same as above, the left-hand tube amplifying signals entering from the 
line West and dividing the energy between line East and the accompanying network (N). 
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Fig. 22. Bidirectional Amplifier with Balancing Networks 


Similarly, signals entering from line East are amplified by the right-hand tube and divided 
between line West and its network. An impedance unbalance between either line and its 
associated network causes some of the energy of the output circuit to be fed by the three- 
winding transformer into its input circuit, where it is amplified and fed into the other 
transformer. An unbalance here will similarly cause some of the energy to find its way 
back through the original path. Thus it is seen that if both lines are poorly matched 
by their networks the amplifier may act as an oscillator, but if either line is perfectly 
balanced by its network no sustained oscillations will be produced. 
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Amplifier circuits of this type are in extensive use by telephone and telegraph com- 
panies on their long lines. They are called repeaters. 

SUMMARY FOR CLASS A AMPLIFIERS. The foregoing discussion of the class A 
amplifiers and the various types of tubes for particular services assumed that the grid 
Swing or excursions were always in the negative region, and that the amplifier behaved 
in general according to the definition of the class A amplifier, as given at the beginning 
of this section on amplifiers. There are a few facts about the characteristics of class A 
amplifiers which should be kept in mind when designing or studying such devices; some 
of them are listed below. 

1. The maximum voltage output of a class A amplifier measured at the plate of the 
tube is limited by the plate-voltage limitations of the tube and the plate load, r. 

2. The maximum power output from a class A amplifier is limited by the plate dissipa- 
tion at zero output and the minimum instantaneous plate voltage for peak positive grid 
swing to zero, at which the plate current is approximately double the steady plate-current 
value. 

3. The load impedance into which the tube must work for maximum power output 
is not a simple function of the plate resistance of the tube but depends upon the two 
conditions above in cases where the grid swing is not limited. Power-output tubes have 
high bias and low plate resistance so that grid swings to zero voltage are not the controlling 
limitation. 

4. The power output for a comparatively low and limited grid swing, that is, when 
limitations of 1 and 2 are not effective, is maximum when the load resistance is equal to 
the plate resistance of the tube. For this same grid-swing limitation, the maximum out- 
put voltage or gain approaches the amplification factor of the tube as the load resistance, 
r, increases toward the value of the tube plate resistance, rp. 


2. CLASS B AMPLIFIERS 


GENERAL. Because of the relatively low power output of class A amplifiers and the 
fact that the plate dissipation is maximum for no-signal conditions, the overall efficiency 
of such an amplifier is very low. In applications where considerable power is desired either 
at radio or audio frequencies, the size of the tubes and the cost of plate power supply, per 
watt output for class A amplifiers, increases so rapidly that such amplifiers are not used. 
In the broadcast receiver it is not economical to obtain power outputs greater than about 
5 or 6 watts without resorting to class B amplifiers or some combination of the class A 
and B amplifiers. 

The grid swing in the class A amplifier is usually limited to the negative region for the 
entire input cycle because, in general, grid swings into the positive region result in plate- 
current distortion, chiefly because of the large external grid circuit impedance and limita- 
tions in plate-current swing. 

According to the definition of a class B amplifier, the bias is such that the operating 
plate current is small, so that for the no-signal condition the plate dissipation is low. 
Therefore, the grid swing in general is limited only by a non-linearity of plate current 
and grid voltage when the grid swings positive from the operating point. Almost any 
three-element tube and some pentodes may be used in a class B amplifier. However, 
some tubes are to be preferred for reasons that will be evident after the various calcula- 
tions are made from the various sample tube characteristics as shown and discussed 
below. 

LOW-POWER AUDIO AMPLIFIERS. Since self-bias, as obtained in a pushpull 
circuit as shown in Fig. 12, depends upon the signal (because the average plate current in a 
class B amplifier depends upon the signal) and since there is no other convenient means for 
supplying fixed bias in the usual receiver, low current at zero bias is very desirable in tubes 
for use in class B amplifiers. The plate characteristic curves for such a tube are shown 
in Fig. 23, with the corresponding grid currents for various grid voltages plotted against 
plate voltage. Experience has indicated that a plate load resistance of about 2000 ohms 
for this tube with 400 volts on the plate is approximately the optimum value for power 
output and plate-circuit efficiency. The 2000-ohm load line is drawn through the operat- 
ing point to obtain data for power-output calculations and grid-current values to deter- 
mine the input resistance of the grids. Data can be obtained from this set of curves to 
replot curves of plate current and grid current against grid voltage, which are more useful 
for performance calculations than the curves in Fig. 23. Such curves are commonly 
called dynamic transfer characteristics. 

The data for these dynamic transfer characteristics may be optionally taken directly 
from meter readings in a circuit such as shown in Fig. 24. Here are plotted various curves 
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for different load resistances. Except at points near the zero bias axes, that is, for a grid 
swing of about 5 volts, these curves represent the dynamic performance of the 46 tube for 
various load resistances for one half-cycle. Another, similar tube is connected in pushpull 
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Fig. 23. Type 46, Plate Characteristics 


in order to supply power for the other half-cycle. If the two tubes have similar character- 
istics and the pushpull input and output transformers are well balanced, the output wave 
will be symmetrical and only odd harmonics will be present in the output for a sinusoidal 
input wave. 

The power-output calculations for the 46 from the curves in Fig. 24 are made like the 
power-output calculation for the class A amplifier, except that the plate current Imax 
(the peak plate current read from the curves) is the total change in plate current from the 
operating point of essentially zero plate current. Since Imax is the peak value of the out- 
put wave, and if little distortion is 
present for sinusoidal inputs, the power 
output for the two tubes is I*maxr/2. 
The average plate-current input for 
two tubes at a constant plate supply 
voltage, #,, for approximately full power 
output is Imax2/m7 = 0.637Imax. Since 
the plate voltage is constant the power 
input to the plates of the two tubes is 
0.637Imax Ey. Therefore, the plate effi- 
ciency is 


Imax? 
Pliei= 77a a7) 


and the plate dissipation per tube is 


Pl. 
loss 5 


Grid Current x 2 and Plate Current, Milllamperes 


(17a) 


The maximum theoretical efficiency 
is obtained when the peak a-c plate 
voltage is equal to the d-e plate volt- 

O00 410-20 150 40 EEO eGonTayO. Ee and, according to eq. (17), is 78.5 

Grid Volts per cent. 
Fia. 24. Type 46, Dynamic Transfer Characteristics The above equations are quite accu- 
rate at full or nearly full grid swings; 
the accuracy decreases with lower grid swings, the decrease in accuracy being a function 
of the no-signal or standby plate current. For the theoretical condition for a class B 
amplifier of zero plate current at no signal, they are accurate for all grid swings. 
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If the maximum value of plate current is taken from the curves in Fig. 24, for the 
2000-ohm load, sample calculations are as follows: 


0.150? < 2000 
2 


0.150 X 2000 
1.27 X 400 


0.150? x 2000 
2 


= 22.5 watts output 


= 59 per cent plate efficiency 


0.637 X 0.150 x 400 — 


3 = 7.9 watts plate loss per tube 

It should be noted that the load resistance used is the resistance the tube works into 
during the half-cycle it functions so that the plate to plate equivalent load on the primary 
of the output transformer is 4r. 

INPUT RESISTANCE. The non-linear grid current in class B amplifiers for audio 
frequencies is a principal difficulty to overcome. The plate-current grid-voltage curves, 
as shown in Fig. 24, are for perfect regulation of grid voltage or the equivalent of zero 
resistance in series with the grids. An essentially zero input resistance to the grids, 
however, is not practical to attain, but values can be obtained which are quite low com- 
pared to the minimum instantaneous resistance of the grids of the class B amplifier tubes. 

The slope of the grid-current curves in Fig. 24 at any particular grid voltage gives the 
instantaneous input resistance of the amplifier. The minimum value of the grid resistance 
occurs at a maximum grid swing of about 45 volts positive. The slope of the grid-current 
curve at this point represents approximately 500 ohms, while at points below 45 volts 
on the grid, the grid resistance is about 1600 ohms, and at near the zero axis, the resistance 
is still higher for each tube. However, the grid current is not zero at zero bias, so that 
the input resistance of the two tubes over the region at which grid current flows to each 
tube is the resistance of the two tubes in parallel. Therefore, to drive the grids of two 
46-type tubes properly as audio amplifiers, the amplifier stage supplying voltage to the 
grids of the 46’s works into a load resistance of approximately 4500 ohms for each tube, 
or a combined resistance of approximately 2250 ohms for a short period during which 
each tube draws grid current. When one tube ceases to draw grid current, because its 
grid is too negative, the input resistance rises very rapidly to approximately 4500 ohms, 
after which it decreases gradually to 500 ohms. 

Because of this erratic change of input resistance to the 46’s as class B audio amplifiers, 
it is very important to keep the equivalent impedance in series with each grid a minimum. 
The low-impedance requirement is met by using low-plate-resistance driver tubes, prefer- 
ably in pushpull with a transformer step-down ratio as great as the plate-voltage swing 
of the driver tubes will permit; also the coupling transformer leakage reactance and 
resistance must not appreciably affect the impedance in series with the grids. 

The input requirements may best be understood by referring to the circuit for a class B 
audio amplifier shown in Fig. 25, with the various equivalent circuit constants inserted. 
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Fia. 25. Circuit and Equivalents of a Class B Audio Amplifier 


The combination of tubes shown is perhaps the most practical combination for power oute 
puts of approximately 25 watts. The transformer T is merely an interstage voltage trans- 
former to supply audio voltage from the source to the grids of the type 45 tubes as class A 
amplifiers. For the grid and plate voltages as shown, the peak plate-voltage swing is 
approximately 165 volts each side of the operating point for load resistances of the order of 
10,000 ohms, which would be a peak voltage of 330 volts on the primary of transformer 7’. 
Since according to Fig. 24 the grid swing for the 46 tube, for full output of about 25 watts, 
is approximately 55 volts, the ratio of the transformer T’ is the ratio of 330 to 55 or 6 to 1, 
as measured from plate to plate of the driver tubes to each grid of the 46 tubes. This 
transformer has an impedance ratio of 36 to 1. The plate resistance, rp, of the 45 tube 
is approximately 1800 ohms per tube so that the equivalent resistance in series with the 
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primary of 7 is 27p, or 3600 ohms for the above case. Therefore, the equivalent resistance 
in series with the grid of each 46 tube is (in addition to transformer losses) 


2rp 
(Turn ratio)? 


The actual impedance is usually about 10 per cent higher than the above calculated 
value because of transformer losses, but such losses are usually allowed for by assuming a 
grid swing about 10 per cent or more higher than the actual swing needed for a given 
power output. In addition to the equivalent resistance, 7, in series with the grids of the 
46 tubes, there is an equivalent inductance, Ly, which is the equivalent leakage reactance 
in series with one side of the secondary of transformer 7). As explained above, the change 
in input resistance of the 46 tube is very rapid over certain parts of the audio cycle which 
results in current flow to the grids at harmonic frequencies much higher than the funda~- 
mental frequency. The frequency at which these grid currents flow may be 5 to 10 times 
the frequency of the fundamental, depending upon the frequency and amplitude of the 
signal. With currents flowing at such frequencies to the grids of the 46’s, it is evident 
that the equivalent inductance in series with the grids due to leakage reactance of the 
transformer 7; must be low in order that the grid voltage at these frequencies will be 
low. A high leakage reactance in the input or driver transformer manifests itself in the 
form of a fuzzy or a ragged output wave over certain portions of the cycle, and it may 
cause very high transient voltages in the plate circuit, which are responsible for many 
output transformer breakdowns and the tube failures. 

OUTPUT CIRCUIT REQUIREMENTS. Assuming a low-impedance circuit to the 
grids of the 46’s, which results in very little distortion of voltage supplied to the grids, 

‘ there is still a source of distortion in the 
plate circuit because of the deviation of the 
plate-current curves from a straight line. 
This deviation is shown in Fig. 24, and if the 
points about the zero axis are plotted on a 
much larger scale and the slopes of the two 
plate currents added over the period during 
which plate current flows to each tube, it 
will be found that the per cent deviation 
is perhaps greater at zero than at any other 
point. In the 838 tube which was specially 
designed for class B operation there is appre- 
Se ie ack iiaantaee oo 24 ciable plate current at no-signal condition; 
Fig. 26. Distortion Curves for RCA 46 Tubes as however, the shape of the plate-current 

ClassiBi Audio Amplifiers curve is such that when two tubes are oper- 

ated in pushpull the resultant output current 

is practically linear. This characteristic of the 46 may be seen by referring to the results of 

distortion measurements (Fig. 26) as made on an experimental amplifier with constants 

approximately as shown in Fig. 25. The non-linearity near the zero signal is distinctly 

shown by the rapid rise of the third harmonic at about l-watt output, after which one 

tube ceases to work for most of a half-cycle, resulting in a partial balancing out of the 
third harmonic for certain power outputs. 

From the definition of the class B amplifier, and from eq. (17), it is evident that the 
plate current to the class B audio amplifier tubes is approximately proportional to the 
grid excitation and that the efficiency increases to a maximum at full output. Referring 
to Fig. 24, it is seen that, if the plate voltage decreases because of poor regulation of the 
plate supply, the peak plate currents will not be reached as indicated by the curves. 
Therefore, the plate supply voltage should have good regulation and should be by-passed 
well for instantaneous peak plate currents. (See p. 7-108.) 

The shape of the plate current curves in Fig. 24 cannot be used to calculate distortion 
by the simple formulas given above for the second and third harmonics. The fact that 
the output resistance from the driver stage is about 20 per cent of the grid resistance at 
near the peak swing alters the plate-current curve appreciably at the upper limits of 
plate current, which complicates the mathematical determination of harmonic outputs. 
Because of the complicated nature of the procedure in calculating harmonies, it is much 
easier and more accurate (for small amplifiers) to analyze the output wave, from an ex- 
bigest amplifier including the driver, for harmonics by means of a reliable voltage 
analyzer. 

LIGHT-WEIGHT CLASS B AUDIO AMPLIFIERS. Because of the high efficiency 
of the class B audio amplifier its use is very desirable in a battery receiver, in an automos 
bile receiver, or where space and weight are limited. The use of small tubes for a given 
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power output is represented by a miniature 6AU6 driving a single 1635 class B output 
tube. The output power from this combination is of the order of 12 to 15 watts audio 
power with low distortion and. with very low plate drain by both the driver and output 
tubes. 

As explained above, bias for a class B amplifier is difficult to obtain and keep constant 
because of the summation of grid-current and plate-current peaks that must flow through 
a self-bias resistor and because of the grid-current peaks if a separate bias is used. There- 
fore the 1635 tube was designed for zero bias at a maximum of 400 volts plate supply. 

A 4000-ohm load line may be drawn through a point at zero bias and 400 volts supply 
to the plate on a family of published plate characteristics for the 1635. The dynamic 
transfer characteristics are shown in Fig. 27 for a 4000-ohm load resistance. The grid 
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Fre. 27. Dynamic Transfer Curves for a 1635 Tube as a Class B Audio Amplifier 


current vs. grid voltage is also shown in Fig. 27. A careful examination of the plate-current 
curve in Fig. 27 will show that the current is quite low at zero bias but trails out before 
cutoff similar to a variable-mu tube. 

At zero bias about 6 ma plate current flows to each plate so that each plate contributes 
to the output. Since the plate resistance of the 1635 is high the output power from each 
plate is measured by plate-current deviation from its zero value through the load resist- 
ance. In pushpull operation if the plate current of one tube is increasing the other is 
decreasing, and since the phase of the currents is reversed in the output transformer the 
output current is given by the difference in plate current to the two plates. The true 
output-current curve is then obtained and plotted in Fig. 27 as the resultant output cur: 
rent. This resultant-output-current curve is more nearly linear for the 1635 tube than 
for other double tubes because of the special grid construction. Because of the special 
grids the grid current at zero bias is lower so that the sum of the grid resistance of the two 
tubes is higher than for other double plate tubes during the time grid current is flowing 
to both grids. This higher input resistance to the tube for small signal swings reduces so- 
called high frequency or ‘‘fuzz’’ type of distortion. 
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At a representative peak plate current of 80 ma in Fig. 27 the output is PRp/2 = 12.8 
watts. The grid peak swing is +32 volts for the above peak plate current, and the grid 
current is 25 ma peak. These peak grid values of current and voltage permit the driver 
calculations. The slope of the grid-current vs. grid-voltage curve at +30 to +32 volts 
represents a resistance of 500 ohms, increases to about 1500 ohms at about +6 volts on 
the grid, and decreases again to about 700 to 800 ohms near the zero axis because of grid 
current flowing to both grids. The above variation of input resistance necessitates a 
“stiff”? driver. 

The plate resistance of the 6AU6 pentode to be used as a driver is quite high so that 
degeneration is used to lower its output resistance. The circuit for the 6AU6 driver and 
the 1635 output amplifier is shown in Fig. 28. 

From the published plate characteristics of the 6AU6 under the voltage conditions 
shown in Fig. 28 it will be seen that the bias for class A operation is about 1.5 volts at a 
plate current of about 7 ma. At double plate current and a signal swing to zero bias the 
plate swing is about 225 volts. A peak swing of about 32 volts is needed on the grids of 
the 1635 so that the step-down ratio of the driver transformer to each grid is about 7 to 1. 
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Fig. 28. Driver and Output Circuit for a 1635 Class B Audio Amplifier 


The maximum current output from each side of JT; is then 7 ma X 7 = 49 ma, which is 
more than ample driving capability for a needed peak grid current of 25 ma. As noted 
above, the variation of grid resistance or load on T; was 500 ohms to about 1500 ohms. 
The input resistance should be as low as 10 per cent of the minimum grid resistance to 
keep the input distortion to a low value. 

The gm of the 6AU6 is about 5000 micromhos, and, if it is assumed that 1 volt peak 
were applied to the plate of the 6AU6 and that 0.2 of a volt peak gets back to the grid of 
the 6AU6 through R, the effective output impedance of the 6AU6 to one side of the 
secondary of 7; is: 

1 volt 1 1000 


ne Sno 26 


= 20.4 ohms 


The effective internal resistance of the transformer, 7), to each side of its secondary 
may be about 20 ohms for a good design so that the total input resistance in series with 
1635 grids is about 40 ohms. This low value of resistance will effectively reduce input 
distortion to a low value. 

Referring to Fig. 28 if the combined plate resistance of V;, Re, and R3 is 50,000 ohms, 
R; in the above calculations for feedback voltage will be 200,000 ohms. Therefore, 20 
per cent of the peak plate swing of 225 volts on the plate of the 6AU6 will require about 
1 ma of the 6AU6 plate-current peak swing and apply 45 volts audio on the plate of the 
tube V;. In this case Vi must supply an equivalent voltage of 45 volts at its plate to 
balance out the feedback voltage plus a peak voltage of about 2 volts to drive the grid 
of the 6AU6. 

For a 1635 plate load of 4000 ohms per plate the plate to plate load for T is 16,000 
ohms. The transformer 7; must have low leakage reactance to prevent fuzz-type dis- 
tortion as explained for 7; in Fig. 25. A check of constants for the 6AU6 as a degenerative 
feedback driver for the 46’s in Fig. 25 indicates that the 6AU6 is essentially as good a 
driver as or better than the two 45’s. This indicates the effectiveness of the addition of a 
feedback resistor R; in Fig. 28. 

Some degeneration may be fed back from a resistance divider, Rs, across the output of 
T2 to the cathode of Vi as shown in Fig. 28 to decrease the distortion of the system further. 
The distortion vs. output power of the circuit shown in Fig. 28 is shown in Fig. 29. The 
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feedback for the overall distortion curve was an amount required to reduce the overall 
gain about 2 or 3 to l. 
Other sharp cutoff pentodes such as the 6SJ7 may be used as drivers. Battery tubes of 


the 1.4 volt series may be used in combinations to obtain high outputs for given input 
powers. 
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Fie. 29. Overall Distortion of the Circuit of Fig. 28 Using the 1635 as the Output Tube 


MEDIUM-POWER AUDIO AMPLIFIERS. A set of curves similar to the, curves in 
Fig. 24 is shown for the UV849 tube in Fig. 30. It will be noted from these curves that 
the class B operating bias is approximately — 140 volts and that the instantaneous slope 
of the grid-current curves is positive and negative with magnitudes as low as 500 ohms. 
Considering the relatively high grid voltages at which these low instantaneous grid re- 
sistances occur, these tubes are hard to drive without appreciable distortion. However, 
two UV845-type tubes operating at full rated voltages may be used to drive these tubes 
successfully with an equivalent resistance of approximately 100 ohms in series with the 
grids of the UV849 tubes. 
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Fig. 30. Dynamic Transfer Characteristics of 849 Tube 


By applying eq. (17) to calculate the various powers from data obtained from Fig. 30, 
it is found that the maximum power output for the 2500-ohm load line is about 1350 
watts for two tubes, the plate loss is about 350 watts per tube, with a plate-circuit efficiency 
of approximately 65 per cent. These calculations do not take into account the transformer 
losses. Such audio power outputs are used principally to plate-modulate a class C radio- 
frequency output amplifier. 
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HIGH-POWER AUDIO AMPLIFIER. The 500-kw broadcasting transmitter operated 
at WLW in Cincinnati, Ohio, used high level modulation with a class B audio amplifier 
capable of approximately 325-kw audio output power. At the time this station was first 
operated, early in 1934, it was the world’s largest broadcasting station. The class B 
amplifier for the above station used eight type-862, 100-kw tubes, with 12,000 volts on the 
plates. 

As stated above, tubes other than the ones discussed may be used as class B audio 
amplifiers, but their particular grid characteristics must be known in order that a driver 
system may be properly designed. The load resistance and plate-current characteristics 
are also important items to consider in the design of a satisfactory class B audio amplifier. 

RADIO-FREQUENCY AMPLIFIERS. The class B radio amplifier functions much 
the same as the class B audio amplifier as far as the grid currents and plate currents are 
concerned, except that the plate-current distortion may be greater with a correspondingly 
higher output power without serious signal distortion. This is because the second and 
higher harmonics are multiples of the radio frequency and are outside of the frequency 
range of interest. The principal difference between the two amplifiers is in the input or 
driver circuits and the output circuits. If the input or driver circuit is tuned, the har- 
monies are by-passed and do not appear on the grids, which results in a well-regulated or 
low-impedance driver source, as far as the fundamental frequency is concerned. As in the 
class B audio amplifier, the regulation of the voltage to the grids of the class B tubes de- 
pends upon the ability of the driver tube to supply the instantaneous grid currents directly. 

Another factor which reduces distortion to a negligible value is the fact that the plate 
circuit is timed; thus it will absorb the fundamental component of the plate current and 
by-pass the harmonics. The power output of the class B radio amplifier may be cal- 
culated like the power output for the class B audio amplifier if somewhat greater peak 
currents are assumed for peak outputs. It would seem from the above that the class B 
radio amplifier, also known as the linear amplifier, is inherently a simple type of amplifier 
to design; this is true if it is desired only to obtain a power amplification of the funda- 
mental frequency. However, it is not economical to use such an amplifier as merely a 
tuned amplifier for voltage or power amplification, because in such cases the class A 
amplifier would probably be better for voltage amplification and the class C amplifier for 
power amplification. The real use for the class B radio amplifier is in circuits where a 
low-powered modulated signal is to be amplified to a higher power level. Referring to 
the definition of the class B amplifier, one characteristic of the amplifier is that the output 
voltage is proportional to the input voltage; therefore, if a modulated radio-frequency 
signal is used to excite the grids of a class B radio amplifier, the output for an ideal case 
would be a modulated signal identical to the modulated input signal, except that it would 
be at a much higher power level. The increase in power level is 20 to 100 times, depending 
upon the degree to which the amplifier is driven. 

A typical circuit for such an amplifier is shown in Fig. 31, in which the tuned input 
circuit L1C,C2C3 is so arranged that C2 equals C3 and each has a value with respect to 
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Fria. 31. Circuit for Class B Radio Amplifier 


C; that permits the desired grid swing of the tubes, Vi and V2, for a given modulated sig- 
nal applied to the input circuit. Inductances Le and L; are radio-frequency chokes to 
provide a low d-c resistance path for the grids, and 7; and rz are resistors from the grids 
to ground to suppress undesirable oscillation. Cs and C7 are neutralizing condensers, 
and the output tuned circuit is Z4C4Cs, in which C4 and Cs are equal. The radio-frequency 
choke Ls provides a floating center tap for L4 because the tuned circuit is center-tapped 
in the condenser branch. The circuit as shown is for a pushpull class B radio-frequency 
amplifier, but, as stated above, a single tube may be used in a circuit similar to the one 
discussed, by leaving out the unnecessary parts or sections of the circuit. The type of 
circuit shown, or its equivalent, was in common use in most broadcasting stations of 1000 
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watts or more. However, the present trend is toward the use of the more efficient high 
level modulation system. (See p. 7-74.) 

Distortion. As discussed above, there is little distortion from a tuned input and tuned 
output amplifier as far as the fundamental radio frequency is concerned. Since the prim- 
ary use of the linear amplifier is to amplify modulated signals without distortion, the 
linearity of the amplifier becomes a factor which determines almost entirely whether the 
demodulated output is distorted or not. The linearity of such an amplifier is determined 
by the ratio of output current, or voltage, against rms input voltage. The curves of 
Fig. 32 are plotted from actual experimental data obtained on two RCA 846 tubes in 
pushpull as a class B radio or linear amplifier with 7500 volts on plate. For a bias of 
—150 volts, the output tank current is approximately linear with respect to the grid- 
excitation voltage from zero to about 4 amp. If the amplifier is used as a radio-frequency 
output amplifier in which the input signal is 100 per cent modulated, the normal output 
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Fig. 32. Characteristics of RCA 846 as Class B R-f Amplifier 


tank current would be approximately 2 amp, which corresponds to a grid excitation of 
470 volts for approximately 1300 watts output. It will be noted that such high per cent 
modulation of the excitation voltage in this case causes a deviation from a straight line 
at both the upper and lower limits of swings so that the predominating harmonic in the 
demodulated output signal is the third. If a lower bias is used the curve would be more 
nearly linear from the operating point of 2 amp, but the slope at the upper end would be 
approximately the same resulting in a second harmonic for 100 per cent modulation. 

The flattening of the output tank current near the zero axis, for the curves in Fig. 32, 
is due to the large bias chosen; however, the flattening of the upper end of the curve 
may be due to emission or space-charge limitations which limit the peak plate currents. 
Another factor that often contributes to the flattening of the upper end of the output 
tank current curve is the inability of the modulated exciter to supply the higher value 
of average grid current without distortion to the output tubes at the peak values of grid 
excitation. The driver must have low impedance to the grids of the output tubes to 
prevent distortion, for practically the same reasons as a low impedance is required for the 
input to the class B audio amplifiers. 

Since the normal carrier value of output current for the class B radio amplifier is 
approximately one-half the peak value and occurs at one-half the peak value of grid excita- 
tion, it can be seen from eq. (17) that the efficiency of the plate circuit is relatively low. 
(See p. 7-17.) This efficiency is usually 20 to 30 per cent. The carrier power output is 
only 25 per cent of the peak power output; therefore, except in tubes where peak plate 
voltage or peak plate power input is limited, four times as many tubes are theoretically 
required for class B radio amplifiers for a given power output as are required for a class C 
high level modulated radio-frequency amplifier. Actually the water-cooled tubes are 
limited by peak plate voltage for the plate modulated class C amplifier so that the number 
of tubes for a class C amplifier, when these tubes are used, is approximately one-half that 
required for a class B radio amplifier. 
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SUMMARY FOR CLASS B AMPLIFIERS. Some of the more important require- 
ments to meet in the design and operation of class B amplifiers and some of their charac- 
teristics may be summarized as follows. 

1. The input system to the class B audio amplifier must have low impedance, especially 
if the instantaneous values of grid current change rapidly either negatively or positively. 
The slope of the grid-current curve or its rate of change per volt applied to the grid is the 
grid resistance at the point taken. The equivalent inductive reactance in series with 
each grid because of driver transformer leakage is a part of the impedance in series with 
the grids; it must be kept very low if the instantaneous values of grid resistance are low 
and change rapidly over the audio cycle. 

2. Failure to meet the low-impedance input requirements usually results in appreciable 
distortion, and generally the output transformer is subjected to high peak voltages which 
may damage the transformer or the tubes. 

3. The load resistance the tube works into is one-fourth of the calculated plate to plate 
impedance of the loaded output transformer. This applies to radio-frequency as well as 
audio-frequency amplifiers. 

4. The load line for the class B amplifier for radio and audio frequencies should be as 
high a resistance as possible consistent with grid current peaks and space-charge limita- 
tion in order that the plate efficiency may be maximum. Somewhat higher peak plate 
currents may be assumed for the class B radio amplifier, because of the tuned plate 
circuit. 

5. The class B audio amplifier is the most efficient type of amplifier for audio fre- 
quencies, and may attain a plate efficiency of 65 to 70 per cent at full output power for 
some of the larger tubes. 

6. The class B radio amplifier has poor plate efficiency, which is usually 20 to 30 per 
cent, so that a relatively high tube power capacity is required for a given output. 

7. The class B radio amplifier also requires a well-regulated or low-impedance driving 
source, but the requirements are not as strict as the driver requirements of the class B 
audio amplifier, because the radio amplifier may have a tuned input circuit. 

8. The plate supply for the class B audio amplifier must have good regulation, espe- 
cially if tubes with high bias are used. The plate supply regulation is not so important 
with the class B radio amplifier because the average plate current is essentially constant. 
Sufficient plate supply by-pass capacitance is necessary in either amplifier to maintain 
constant plate voltage over the audio cycle. 


3. CLASS C AMPLIFIERS 


GENERAL. The class C amplifier by definition is an amplifier that is biased con- 
siderably beyond plate current cutoff, so that plate current flows for a period less than 
180 electrical degrees, during the time the grid swings in a positive direction from its 
normal value of bias potential. In general, the grid is driven to the point of saturation, 
that is, to a point at which the output voltage is no longer proportional to input voltage. 
Under this condition the efficiency of the amplifier is approximately maximum for any 
given plate-circuit conditions, the output voltage is proportional to the d-c plate voltage, 
and the output power is proportional to the square of the d-c plate voltage. 

Since, in general, appreciable power is required to drive the class C amplifier because 
of the relatively high positive grid swings, this type of amplifier is essentially a power- 
amplifier device. Because of the distorted plate current that flows during only a part 
of a half-cycle it is necessary to tune the output or plate circuit of the amplifier if an 
undistorted output wave is desired. Therefore, the class C amplifier is essentially a 
single-frequency amplifier and is used as the output device for radio telegraphy or high 
level modulated telephony transmitters. 

CIRCUIT CALCULATIONS. Since the class C amplifier can be used only as a tuned 
plate amplifier except where distortion of the output wave is permitted, it is obvious that 
the application of this amplifier is much more limited than the applications of the class A 
or class B amplifiers. In the class C amplifier it is difficult to predict the performance of 
a tube from its static characteristics. As long as the plate circuit load, 7, has a sufficiently 
low value to limit the minimum instantaneous plate voltage to a value such that the 
plate current is essentially half sine waves, the power output and other characteristics of 
the circuit and tube may be calculated in much the same manner as for the class B audio 
amplifier. However, under these conditions, the plate-circuit efficiency is usually less 
than 65 per cent. When the load resistance is high the minimum instantaneous plate 
voltage may reach or approach zero, so that essentially no plate current can flow at the 
instant, because the plate voltage is near zero. 
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To illustrate better the above features of the class C amplifiers as well as the general 
circuit features, it is well to discuss the typical class C amplifier circuit such as shown in 
Fig. 33. The proper constants to use in the circuit depend upon the tube used, general 
class of service, and the values of maximum grid and plate currents allowed. For the 
204A tube the maximum allowed constants are: d-c plate voltage, 2000 volts; d-c plate 
current, 275 ma; plate dissipation, 167 watts; d-c grid current, 80 ma. 

If a modulation factor of 1 is applied to the plate voltage, it is evident that at peak 
upward modulation the instantaneous plate voltage will be 4000 volts. In order that 
plate current cutoff may be obtained at 4000 volts on the plate, so that the tube may 
continue to operate as a class C amplifier at this voltage, the bias required is approximately 
— 200 volts, but a bias somewhat beyond plate-current cutoff, such as — 250 volts, should 
be used. Therefore, since the allowable direct current through the bias resistor, 71, of 
Fig. 33, is a maximum of 
80 ma, a voltage drop of 
250 volts requires a resist- 
ance of 3125 ohms for 7. 

The power dissipated in ee 
. 3 mput 

7; 1S approximately 20 

watts, and the power dis- 

sipated on the grid of 

the tube is comparatively 

small because of the low 

resistance of the grid when Fie. 33. Typical Circuit for Class C Amplifier 

the grid current is large. 

If it is assumed that one-third of the bias power is dissipated on the grid, the total power 

required of the r-f input circuit is approximately 30 watts. 

This power must be supplied by the exciter amplifier, and the loss in the resistor 7; 
cannot be supplied by means of a separate voltage supply in the hope that the exciter 
is required to supply the grid losses only. The grid-leak method of supplying bias as 
shown is a self-biasing arrangement and consumes no power from the plate supply. The 
one disadvantage of this method of supplying grid voltage is that if the excitation is lost 
the class C tubes have no bias, so that, in the case of the 204A, the resulting plate current 
would cause excessive plate dissipation. This difficulty may be removed by using a com- 
bination of a fixed bias (or biasing resistor in the cathode to negative plate supply lead) 
to limit the plate current if the excitation is lost and the additional bias supplied by a 
leak system as shown. 

The input circuit to the tube is tuned and the inductance, Ll, is center-tapped in order 
that the amplifier may be neutralized by means of the condenser C3. The plate circuit 
is tuned by means of Cy and Ze, which in turn is coupled to an output circuit. The output 
circuit reflects, to the CxZ» circuit, an equivalent resistance of 2r across the tuned circuit. 
Therefore, 7 is the approximate resistance the tube works into during the time plate cur- 
rent flows. 

POWER CALCULATIONS. The efficiency of the plate circuit of the class C amplifier 
can be estimated quite accurately if the peak a-c voltage across the tank circuit CL 
is measured and used in eq. (17), as for the class B amplifier, provided the plate current is 
approximately one-half sine wave or that the fundamental component of the current is 
very large compared to the harmonic components. For this case it will be seen that the 
expression Imax 7 is in reality the peak a-c voltage measured across the plate tank circuit 
in which Jmax is the peak value of the fundamental component of plate current and r 
is the value of resistance the tube works into during the time plate current flows. The 
values of Jmax and r are more or less fictitious, but their effective product is approximately 
the measured peak plate voltage. ni] ; 

Referring to the ratings on the 204A as given above, the permissible input plate power 
is 550 watts with only 167 watts plate dissipation, which requires a plate efficiency of 
approximately 70 per cent. Therefore, from eq. (17), it is found that the peak voltage 
across the tank circuit is 1778 volts. This peak voltage leaves only 222 volts on the plate 
to cause the peak plate current to flow. The power output for the above power input and 
plate loss is 383 watts, and if the peak plate voltage swing is 1778 volts, as calculated 
above, the approximate value of 2r is found to be 4150 ohms, which is the equivalent 
load resistance across the plate tank circuit, and the resistance the tube works into is 7, 
or approximately 2075 ohms. The peak value of the fundamental component of plate 
current, as found from the expression for peak a-c plate voltage, is 860 ma. It is doubtful 
if this value of plate current flows at the instant the plate voltage reaches a minimum 
value of 222 volts. However, plate-circuit efficiencies of 70 per cent are easily attained, 
so that, even though the actual plate current may be considerably below 860 ma at the 
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instant the plate voltage is 222 volts, the peak value of the fundamental component may 
be 860 ma without sufficient plate-current distortion to affect the plate loss seriously. 

Experience has shown, however, in experimental class C amplifiers that approximately 
70 to 75 per cent plate-circuit efficiency, for a circuit as shown in Fig. 33, is the limit of 
efficiency, because the actual plate current for higher load resistances deviates so far from 
a half sine wave of current at higher peak values of a-c plate voltage that the plate-current 
harmonic losses increase to keep the plate efficiency at a more or less constant value, in 
spite of the fact that the measured peak a-c plate voltage increases. 

SPECIAL FILTER FOR HIGH EFFICIENCY. Equation (17) indicates that if an 
essentially half sine wave of plate current can be caused to flow to the plate the efficiency 
may be caused to increase as the peak tank voltage increases. 

When the peak tank voltage approaches the plate voltage the efficiency by eq. (17) 
approaches 78.5 per cent. If the peak plate voltage could reach 1.27 times the d-e plate 
voltage, the efficiency would be 100 per cent, provided that the plate current is essentially 
a half sine wave and the plate resistance of the tube during the time current flows is zero. 
This 100 per cent efficiency condition is impossible, of course, but the limit of efficiency 
is seen to be 100 per cent, because the plate circuit is tuned and filters may be inserted in 
series with the plate to prevent appreciable flow of harmonic plate currents. Such a 
filter circuit is shown in Fig. 34. The inductance ZL; is comparatively large and offers a 


7 Cs high impedance to the fundamental and har- 
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components of the plate current. The induct- 
ance Ly, and capacitance Cs are tuned to 
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The value of the more or less fictitious plate resistance is a function of the tube and its 
excitation, and it may be calculated if all the constants of the tube and circuits are known. 
However, an apparent resistance of the tube may be easily calculated from the plate 
efficiency. This is done by assuming that the apparent load resistance is in series with 
an apparent plate resistance that will give the measured or calculated plate-circuit effi- 
ciency. 

Such a formula is given below: 


Ee 
Biff. 


in which 2r is the equivalent resistance in parallel with the tank circuit due to the load 
connected to the class C amplifier. Since the tube functions for approximately one-half 
the time, the actual effective resistance of the tube is approximately one-half of the ap- 
parent resistance rap, and the load the plate works into is one-half the equivalent load 
resistance or r. The load resistance r as calculated for the 204A at rated conditions as 
given above is 2075 ohms, and the calculated efficiency is 70 per cent. Substituting these 
values in formula (19), the effective resistance of the 204A is about 890 ohms. 

If the harmonic components of the plate current are to be effectively reduced, the im- 
pedance of the circuit L3L4Cs, when tuned to the fundamental frequency, must be 4 or 5 
times the approximate effective resistance of the tube at the second harmonic of the funda- 
mental frequency. The impedance to higher harmonics, of course, will be still higher. 
Therefore, a rough approximation of what the impedance of the filter should be at the 
second harmonic is equal to the normal effective resistance across the output tank circuit 
at full power output of the tube. 

Such impedance at the second harmonic frequency necessitates a comparatively large 
L to C ratio for the series tuned circuit L4C;. Since the a-c component of plate current 
flows through this series tuned circuit, the voltage across L4 and Cs; reaches quite high 
values at the fundamental frequency, and the voltage across L; at all the harmonic frequen- 
cies is comparatively high. However, the system permits approximately only half sine 
waves of plate current at the fundamental frequency so that high efficiency can be achieved. 

This type of filter has been successfully used to increase materially the efficiency of a 
class C amplifier in the laboratory, and was successfully applied to at least one broadcasting 
station, although the circuit has not been used extensively in transmitters to date. The 
effect of the filter on plate loss, power output, and efficiency of a laboratory test on a 


— 2r = rap apparent plate resistance (19) 
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204A is given in Fig. 35. It will be noted that for low load resistances, that is, resistances 
that limit peak a-c plate voltages to values appreciably below the d-c supply voltage, the 
filter adds little if any to the efficiency of the plate circuit. This is due to the fact that 
heavy loads cause essentially one-half sine waves of plate current, so that there are prac- 
tically no harmonic components of plate current to reduce. 

The results of the experimental data as plotted in Fig. 35 indicate that the efficiency 
of a class C amplifier without a filter is essentially constant over practically all the load 
range that might be used. The 204A tube, with which the data for the above curves were 
taken, was operated at approximately optimum grid excitation so that the values read 
from the curves represent approximately the best performance of the tube. Any loss in 
the filter for the curves 
in Fig. 35 is included as 7297 
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current is essentially one- 

half of a sine wave. As a result of the peaked condition of the plate current without 
a filter, the peak emission required from the filament of the tube in a class C amplifier 
is 6 to 12 times the d-c value; when a filter is used the peak emission required is one-third 
to one-fifth of the peak without the filter. The reduced peak plate current requirement 
when the filter is used is a decided benefit. 

Although the applications of the class C amplifier to radio devices are limited in num- 
ber, it is the most efficient type of vacuum-tube amplifier known. When the class C 
amplifier is used as the output system for a radiophone transmitter, in which a class B 
audio amplifier is used to modulate the plate supply to the class C amplifier, a radiophone 
transmitting station is obtained that has a greater overall efficiency than any other type 
of transmitter now in general use. 

SUMMARY FOR CLASS C AMPLIFIERS. Some of the more important circuit re- 
quirements of the class C amplifier as well as some of the more important operating 
points are summarized below: 

1. If full output is to be obtained from the class C amplifier, the grid excitation should 
be sufficient to obtain essentially full permissible d-c grid current at the recommended 
bias. 

2. The grid excitation for a plate-modulated class C amplifier must be sufficient to 
cause a linear relation between the plate voltage and output voltage. 

3. In a plate-modulated class C amplifier, it must be remembered that the peak plate 
voltage due to modulation peaks is double the plate voltage for normal carrier, which in 
turn doubles the average plate current and also the peak current corresponding to a 
power four times the carrier power. Therefore, it is necessary to determine whether the 
tubes used in such an amplifier are capable of withstanding the peak d-c plate voltage over 
an audio cycle and whether the emission of the tube is ample to meet the peak-plate-current 
conditions. 

4. Failure to meet the peak-plate-current condition in item 3, because of emission 
limitation or insufficient excitation, results in a second harmonic in the detected carrier 
output. Failure to meet the requirements in item 3 only reduces the power output and 
efficiency in the case of class C amplifiers for telegraphy. 

5. The bias for a class C amplifier must be beyond plate-current cutoff at the highest 
instantaneous d-c plate voltage. For 100 per cent modulation the bias should be 2.5 to 3 
times the bias for plate current cutoff at normal plate voltage. Excessive bias usually 
results in higher excitation power with little gain in efficiency. 
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6. The plate dissipation of a tube in a class C amplifier is determined entirely by the 
plate supply voltage and the load resistance for normal class C operation of the tube, and 
the value of load resistance has essentially no relation to the plate resistance of the tube. 

7. The maximum plate efficiency of a class C amplifier is approximately 70 to 75 per 
cent for all practical load resistances. This efficiency may be raised to 80 or 90 per cent 
by using somewhat higher resistance plate loads if a band-pass filter is used in series with 
the plate. 

8. The band-pass filter also reduces the peak-plate-current requirements, which tends 
to reduce distortion at high percentage modulation. 

9. The audio power required to modulate the plate circuit is 50 per cent of the amplifier 
input plate power; therefore, any increase in plate efficiency reduces the modulator power 
required. 


4. REGENERATION AND ITS PREVENTION 


CONDITIONS FOR REGENERATION. In each of the theoretical amplification equa- 
tions (eqs. [4], [6], etc.) the internal input impedance z;2 appears. When riz is a positive 
quantity the greatest amplification will be obtained by making the internal input impe- 
dance as great as possible. However, it is possible for 7;2 to have a negative value (p. 5-49) 
when the external plate impedance of the succeeding tube is inductive. In this case the 
conditions under which maximum amplification will be obtained are quite different. 

If r; is negative and less than twice the magnitude of the resistance presented to the grid 
filament terminals by the rest of the input circuit, it is possible for the amplification to be 
greater than the value obtained when the internal input impedance is infinite, for the plate 
current of a single tube in terms of the impressed voltage is (see eq. [1], p. 7-03) 


ee pe’ g(r; + Jxi) | Z | (20) 
me tet re + IH(ei + te) | rp +2 
and the absolute value is 
4 pe’ gs [2 + x2 / 2 + ge 
Ypa = (20a) 


V (ri + re)? + (xi + ae)? V(r + 1p)? + 2 


If either 7; or 2; is infinite, the first factor reduces to ye’z, but if r; is negative and less than 
twice the magnitude of r, (and 2; and z, are of opposite sign and their sum less than x;) the 
first factor will be greater than pe’z. The tube is then said to be regenerating. In particu- 
lar when the denominator is zero the amplification will be infinite and the tube will oscillate; 
that is, plate current of a particular frequency will flow even when there is no externally 
impressed alternating voltage on the grid. 

In an impedance-capacitance coupled amplifier (eq. [6], p. 7-04) regeneration occurs 
when 

O> ri2/ Zio? > 2(r/2* + 1/rp) 


When transformer-coupled amplification is used and the circuit is properly tuned (eq. 
[7b]) regeneration occurs when 0 > rig > 274, and oscillation when rig = —1r4. 

The equivalent negative resistance of the input circuit is caused by the plate voltage 
electrostatically inducing a voltage between the grid and filament which has a component 
in phase with the impressed grid voltage. This will occur only when the plate load is 
inductive. (See p. 5-49.) A similar voltage impressed on the grid by any other means 
would, of course, have the same effect. (See Regeneration, Theory and Experiment, by 
Peterson, Kreer, and Ware, Proc. I.R.E., October, 1935.) Circuits are frequently designed 
so that part of the energy in the plate circuit is “fed back” to the grid circuit to increase 
the amplification. When the feedback is inductive through a movable coil, this coil is 
called the tickler coil. 

EFFECTS OF REGENERATION. The increased amplification obtained as a resuli; 
of regeneration is sometimes used to increase gain, particularly where a single frequency is 
being amplified. Since a regenerative circuit usually behaves like a very sharply tuned 
circuit it is not useful when a broad band of frequencies must be amplified. 

Regeneration results in a decrease in the effective input resistance of the amplifier and 
so decreases the non-regenerative amplification obtainable from the tube. 

As a rule most difficulty is experienced at radio frequencies. Even if regeneration is 
prevented at the working frequency of the amplifier, there may be considerable feedback 
at higher frequencies; if a resonant path exists at one of these high frequencies a parasitic 
self-oscillation may begin. This may cause the amplifier to cease functioning as an ampli- 
fier, and unless some protective device limits the plate current the tubes may be over- 
heated very quickly. 
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Another type of parasitic oscillation may exist in the pushpull circuit shown in Fig. 31; 
in which the input circuit has a certain impedance from ground to grids, because of the 
leakage in the center-tapped grid and plate inductances. This condition effectively places 
the pushpull tubes in parallel with an input and output circuit with the neutralizing con- 
densers ineffective. If the input and output circuits have sufficiently high impedance 
(which may be comparatively low for high-power tubes) parasitic oscillations will result. 
However, it should be noted that r; and r2 in Fig. 31 are connected from their respective 
grids to ground so that the resistors are still effective in suppressing parallel parasitic oscil- 
lation of the tubes. If the corresponding value of resistance in 7; and rz is placed across 
the grids without the r-f ground at the center point, parallel parasitic oscillation of the 
tubes may exist because the grids would be at essentially the same potential so that the 
resistances would be ineffective. 

This type of parasitic oscillation is apparently responsible for the self-oscillation of 
most pushpull audio amplifiers. 

PREVENTION OF OSCILLATION. Regeneration to the point of oscillation may be 
prevented in several ways. It is often accomplished by the introduction of power-absorb- 
ing resistors into various parts of the amplifier circuit, but these invariably increase the 
-losses in the circuit and so are objectionable. Another possible method is to decrease 
the impedance of the input circuit, but this is frequently impracticable without too great 
decrease in amplification. 

Parasitic oscillations may sometimes be prevented by so changing either the plate or 
grid circuit that the resonant frequencies of the one have no counterpart in the other. 
There is then no complete resonant path at any frequency. In general, if the leads to the 
grid are short, and a small r-f choke is inserted in series with the plate to increase the effec- 
tive length of the plate leads, there will be no common resonant frequency. If the circuits 
cannot be so unbalanced resistances must be used, such as are shown in Fig. 31. 

The most effective cure for parasitic oscillation of pushpull audio amplifiers is to un- 
balance the input and output circuits by placing a resistor or small condenser across one 
side of the input or output transformers. In general, the value of impedance required 
to suppress the undesired oscillation will not noticeably affect the frequency characteristic 
of the amplifier. 

Improvement in shielding between stages will sometimes eliminate enough of the feed- 
back to make the circuit stable, or the plate and grid circuits may be moved apart if prac- 
ticable. Shielding for pentode or tetrode r-f amplifiers is always necessary. Shielding an 
audio amplifier is usually not necessary with proper placement of the various tubes and 
transformers for minimum feedback. However, it may be necessary to use elaborate 
means to prevent stray pick-up to the input transformer. In general, a magnetic shield 
for audio frequencies is better than a copper shield, but the copper is better at radio fre- 
quencies. 

Where the feedback is due to the grid-plate capacitance, this capacitance may be 
eliminated by electrostatically shielding the plate from the grid. This has been done in 
the tetrode and pentode. It makes possible the extremely high amplification factors 
obtainable with these tubes. 

NEUTRALIZATION. When it is impossible to eliminate the fed-back voltage it is 
still possible to cancel its effect by introducing an equal and opposite voltage. Circuits to 
accomplish this are based on the impedance bridge principle or on the three-winding trans- 
former. (See p. 6-12.) 

The first method for neutralizing the grid-plate capacitance was that of Rice shown in 
Fig. 36. Diagram A of this figure is a schematic sketch of connections; diagram B is the 
resolution of the circuit into that of the three-winding transformer. From the theory of 
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Fic. 36. Rice System for Neutralization. The tuning and bypass capacitors shown in the circuit 
diagram on the left are omitted from the equivalent three-winding transformer diagram on the right. 
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the three-winding transformer any voltage induced in the coil a-c will cause no voltage drop 
across b-a-e (except that due to incidental resistance of the coils) if the value of Cy is 
properly chosen and the coupling between b-a and a-e is unity. In practice the con- 
denser (C;,) is made variable to permit its proper adjustment and is called the neutralizing 
condenser. The disadvantages of the Rice method lie in the fact that part of the input 
voltage across a-e is lost since it is not impressed on the grid, and that neither side of the 
neutralizing condenser can be grounded. 

A modification of the Rice method is shown in Fig. 37, A being a schematic diagram 
of connections. Diagram B shows that this circuit can also be resolved into a three- 
winding transformer circuit. From the theory there will be a value of C, for which the 
voltage across b-a will be very low, approaching zero as the resistance of c-a-f decreases. 
This system is not so useful for power amplifiers as the Rice system; the plate circuit of 
the latter can be more favorably loaded because the entire plate coil is in the plate circuit. 
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A. Schematic Diagram B. Equivalent Circuit 


Fia. 37. Modified Rice System for Neutralization. The tuning and bypass capacitors shown in 
the circuit diagram on the left are omitted from the equivalent three-winding diagram on the right. 


Both these methods require that for perfect neutralization the coefficient of coupling 
be unity and that the incidental resistances be zero; hence perfect neutralization can be 
only approached. 

A pushpull r-f amplifier can be neutralized, as shown in Fig. 31, by means of the con- 
densers Cs and C7, the value of which is equal to the grid-plate capacitance of the tubes 
for symmetrical input and output circuits. 

In general, shielding of the input and output circuits of a capacitance-neutralized 
amplifier need not be so complete or effective to prevent feedback as for the screen-grid 
tube amplifier, because some stray magnetic or capacitance feedback can be effectively 
compensated for by the proper adjustment of the neutralizing condensers for minimum 
feedback. A common and convenient method to adjust the neutralizing capacitance 
properly is to apply a signal to the grid of the amplifier to be neutralized with the tube in 
place and the filament lighted but without plate voltage. An r-f galvanometer is placed 
in the plate tank circuit, and the neutralizing capacitances are adjusted for zero or mini- 
mum galvanometer deflection. Precaution against excessive currents through the gal- 
vanometer must be taken for the initial adjustment of the neutralizing condensers, or 
other methods of indicating a tank voltage may be used. 

If the amplifier to be neutralized is a plate-modulated class C amplifier the simplest 
and quickest method for neutralizing is to overmodulate the amplifier and adjust the 
neutralizing condenser until the instantaneous value of carrier will be zero at the peaks 
of downward modulation. A cathode-ray oscillograph may be used as an indicator for 
the adjustment. 
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SPECIAL-PURPOSE AMPLIFIERS 


By E. L. Clark 


A special-purpose amplifier, as the name implies, is a particular type of vacuum-tube 
amplifier designed for a definite purpose. Such amplifiers are usually of the capacitance, 
impedance-coupled circuit type, as differentiated from tuned and mutually coupled 
amplifiers. 

A wide-band amplifier is an amplifier that covers a wide frequency spectrum, such as 
is used for a television video amplifier. In most cases, the wide-band amplifier operates as 
a class A amplifier with plate current flowing for 360 electrical degrees. A wide-band 
amplifier is characterized by low gain; for a given tube the gain multiplied by the band 
width is a constant. 

A cathode follower is an amplifier which has its output load in the cathode circuit of a 
vacuum tube. The characteristics of a cathode follower are: reduced input capacitance, 
increased input resistance, reduced output impedance, a gain of less than 1, and no voltage 
inversion. The cathode follower may be used as an impedance matching device, without 
the use of a transformer. 

A grounded-grid amplifier is an amplifier that has its grid grounded, and the input 
signal applied to the cathode. The output circuit is in the plate, in the usual manner. 
The characteristics of a grounded-grid amplifier are: low input impedance, low input-to- 
output capacitance due to the shielding action of the grounded grid, and no voltage 
inversion. 

An in-phase amplifier is one in which the polarity of the output signal is the same as 
that of the input signal. This is of no importance in sine-wave work. However, for pulse 
work and for television video amplifiers, the polarity of the amplified signal is of great 
importance. 

A negative feedback amplifier is an amplifier in which some of the output signal is 
fed back to the input to modify the output. There are two general types of feedback 
amplifiers, the voltage-feedback and the current-feedback types. Both are characterized 
by a reduction in gain. However, the voltage-feedback type gives an apparent decrease 
in plate resistance. Both types of feedback give a reduction in distortion. 

A one-shot amplifier is an amplifier which, after responding to an input pulse, will not 
respond to a second pulse until a given time has elapsed. This amplifier is similar to a 
multivibrator, and it requires two tubes. The characteristic of a one-shot amplifier is 
that, after a given input level has been reached, the output is a sudden sharp pulse which 
cannot be immediately repeated, a definite time interval being required before a second 
pulse can be obtained. 

A pulse amplifier is an amplifier that is designed to handle a pulse type of input signal. 
Pulse signals are of two general types: positive pulses and negative pulses. The pulse 
amplifier must be designed for the polarity of pulse to obtain the optimum performance. 
The band width of the pulse amplifier must also be adjusted to the type of pulse being 
handled if the pulse shape is not to be degraded and if maximum gain is to be obtained. 

The characteristic of a pulse amplifier intended to handle positive pulses requires that 
it be biased nearly to cutoff and that it shall approach class B operation and efficiency. 
However, to handle negative pulses the vacuum-tube bias must be near zero, and a heavy 
plate current is drawn except when the pulse signal is applied. This results in low effi- 
ciency for a negative pulse amplifier. 


5. WIDE-BAND AMPLIFIERS 


The wide-band amplifier is used when the frequency response must be extended beyond 
about 15 ke. It finds its chief application as a video amplifier.in television equipment. 
However, it is finding other uses such as in radar and pulse work. In order better to 
understand the frequency response limitations of an r-c coupled amplifier, see Fig. 1. 
This is a curve of output voltage vs. frequency, of a typical amplifier stage, as shown in 
Fig. 2. The frequencies 5f; and f2 are considered the useful limits of the wide-band am- 
plifier. This is somewhat empirical, but practice has shown it to be desirable in order to 
reduce the low-frequency phase shift (see p. 7-46). If many cascaded stages are used 
it may be desirable to take 10f, instead of 5f; as the low-frequency limit of the amplifier. 

HIGH-FREQUENCY RESPONSE. The high-frequency range will be defined as that 
region lying above about 1 ke. The simplest form of wide-band amplifier is that shown 
in Fig. 2 with a low value of plate resistor (rz). In general, pentodes are used for wide- 
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band amplifiers, for two reasons. First, the Miller capacitance effect is negligible; second, 
they are made with a higher mutual conductance (gm) than triodes. The general formulas 
for a class A amplifier, eqs. (1), (la), and (2) (p. 7-03), also cover wide-band amplifiers. 
However, the value of Z is of interest and governs the gain and band width of the amplifier. 
In Fig. 2, C7 is the total shunting capacitance, composed of the stray circuit capacitance, 
the output capacitance of Vj, and the input capacitance of V2 (which may be partly 
composed of Miller capacitance in triodes). Let the resistance ro represent the resulting 


Per Cent Response 
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Fia. 1. Amplifier Response Curve 
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=6 + +B -C 
Fic. 2. Uncompensated Amplifier Stage 


parallel resistance of the plate resistor rz and the grid resistor rz. The absolute value of 
Z is given by 
TOLC p 
Y fag tea peat Be (1) 
Vro+ oe 
At the frequency fe which make’ the capacitance reactance 2; equal to ro, the response 
will be down to 70.7 per cent of the maximum response. This gives a means of determin- 
ing the value of C7. 
1 


"el 2rfero 2 


As the plate resistor rz is usually much smaller than r,, the effect of rz is usually negligible. 
Using gm, the mutual conductance of the vacuum tube, the gain of the stage is 


Cr 


SmI pZ 
Tp 4 Z (3) 


However, for wide-band amplifiers using pentodes, rp is much greater than Z, therefore 
Tp can usually be disregarded, and the gain then becomes 


Gain A = 


Gain A = gmZ (4) 


The maximum gain of the flat portion of the curve of Fig. 1 is simply gmrz. 
The phase angle (¢) is 


@ = tant (5) 
Cp 
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for parallel resistance and capacitance as shown in Fig. 2 which represents a time delay of 
0.035 
fe 


For an uncompensated amplifier: Fig. 3 gives the value of rz for various values of shunt 
capacitance Cr, at the frequency f2. The response will be down to 70.7 per cent of the 
flat portion of the curve at frequency fz when using a plate load rz, as determined from Fig. 3. 
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Fie. 3. Plate Load (rz) in Terms of Frequency (f2) and Total Capacitance (Cr) for an Uncompen- 
sated or Shunt Peaked Amplifier 


SHUNT PEAKING. In Fig. 4 is shown the schematic of an amplifier stage using 
shunt peaking. As previously described, C; is the total shunting capacitance. The gain 
for this amplifier is given by eq. (4). The value of Z is 


Fo (EG RA) ea Ter (7) 
NG? + (en = 2p) 


=C 


Fie, 4. Circuit for a Shunt Peaked Amplifier Stage 


If an inductance ZL; is chosen so that xz, = 1/2 rcp at f2, the resulting impedance Z will be 
equal to rz. This means that the response will be flat to frequency f: instead of being 
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Fie. 5. Shunt Inductance (Zj) in Terms of Frequency (f2) and Plate Load (rz) for a Shunt Peaked 


Fia. 6. Plate Load (rz) in Terms of Frequency (f2) and Total Capacitance (C7) for a Shunt Peaked 
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down to 70.7 per cent as in the uncompensated amplifier. The values are 


1 
fl 2rfoCr ®) 

TL 
Ii = re (9) 
Gain A = gmrz (10) 


The time delay is no greater than 0.023/f, seconds, 


Figure 5 gives the value of inductance Ly, for various frequencies fo, and load resistance 
ry for use in a shunt peaked amplifier. 


; A shunt peaked amplifier can be designed quickly by the use of Fig. 3 and Fig. 5. Know- 
ing what frequency fz is needed (say 3.0 megacycles), determine the value of ©;; 40 uyf is 


fries ia 
1353 
400 - L, = 2:282%* pelea 
27h cf 
Peat: 
a 
oO 
300 = 
s Wy Ww © 
& 17 5 Day 
= y SA Se eal 
Ae 5 Y we 
9 
o TA ml 
Fe fo © 
§ 200 ahs Ww 
Ss eee es a 
me} 
= — 50.0 wc 
ce I | f 2 
100 | 23.0 Me 
1 =3. 
fz Fz 40 Mc | 
=5.0 Mc 
[ f2=7.0 Mc 
0 
0 1000 2000 3000 4000 5000 6000 


Plate load 7_, ohms 


Fie. 7. Shunt Inductance (Z1) in Terms of Frequency (f2) and Plate Load Resistance (rz) for a Shunt 
Peaked Amplifier with Corrected Phase and Amplitude Characteristics 


a good estimate. Then from Fig. 3 find rz to be 1330 ohms. Now from Fig. 5 at 3 mega- 
cycles and 1330 ohms, L; is found to be 35.2 microhenrys. The stage gain will be 1330 
times the mutual conductance gm of the tube in mhos. 

For multistage wide-band amplifiers where the best phase and amplitude character- 
istics are needed, slight revisions in eqs. (8) and (9), as shown by Freeman and Schantz, 
will give almost perfect results up to frequency f2 


10.85 A 

L = STAC (11) 
0.353rz, 

= nfs _ (12) 


Equations (11) and (12) are plotted in Fig. 6 and Fig. 7 to facilitate the design of such an 
amplifier. 

SERIES PEAKING. Figure 8 is the schematic diagram of a series peaked amplifier. 
It can be seen from Fig. 8 that the capacitance is split by the inductance Ly. This results 
in the vacuum tube V; working into a smaller capacitance than in the previous case of 
shunt peaking, with the results that more gain is obtained. For proper operation the 
ratio of Ci/C2 = 1/2. If C\/C2 = 2 the plate load resistor rz must be put on the other side 
of the series inductance Ly. The rule is to keep the plate load resistance rz on the low- 
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Fie. 8. Circuit for a Series Peaked Amplifier when Ci/C2 = 1/2 


capacitance side of the series inductance Lz. The value of rz for series peaking is given by 
1 
Hess 13 
AnCifo ( ) 


where C;/C2 = 1/2. In most cases, however, it is more convenient to use C7, the sum of 
C,, C2, and strays, since Cr can be determined more accurately than C;. In terms of C7, 
rz is given by we 


~ Ofer 
If the series inductance Lz is chosen to resonate with C; at a frequency of fv 2, the 
response will be flat to frequency f2. The value of the series inductance Lz is given by 


TL 


TL (14) 
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or, in terms of C7, Lz = 667C 777’. 
Substituting the value of Cr from eq. (14) 
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Fie. 9. Plate Load (rz) in Terms of Frequency (f2) and Total Capacitance (C7) for a Series Peaked 
Amplifier Stage 
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The phase delay is a rather complicated function in the series peaking circuit, but in 
general, as Seeley and Kimball have shown, the time delay up to the frequency fo is con- 
stant within a variation of 0.0113/f, seconds. This is roughly one-half the variation in 
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Fia. 10. Series Inductance (L2) in Terms of Frequency (f2) and Plate Load (rz) for a Series Peaked 
Amplifier Stage 


phase delay experienced with shunt peaking. The gain of a series peaked amplifier is 
given by eq. (10), using the value of rz as obtained from eq. (14). 

To facilitate the design of a series peaked amplifier eq. (14) is plotted in Fig. 9 and eq. 
(16) is plotted in Fig. 10. The curves of Fig. 9 and 10 are to be used as described in shunt 
peaking. 

COMBINATION OF SHUNT AND SERIES PEAKING. As might be expected, the 
advantages of shunt and series peaking can be combined to increase the gain further. 


+ 
Fic. 11. Circuit for a Combined Shunt and Series Peaked Amplifier Stage 


The series inductance Le separates the output capacitance C; and the input capacitance 
C2, while the shunt inductance ZL; compensates for the output capacitance C;. The cir- 


cuit is shown in Fig. 11. 
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1000. 


Plate load r,, ohms 


Frequency f,, megacycles 


Fig, 12, Plate Load (rz) in Terms of Frequency (f2) and Total Capacitanee (Cr) for a Combined 
Shunt-series Peaked Amplifier Stage 
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Fie. 18. Shunt Inductance (Zi) in Terms of Frequency (f2) and Plate Load Resistance (rz) for a 
Combined Shunt-series Peaked Amplifier Stage 
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Again, as in series peaking, the ratio of C,/C2 = 1/2 for proper operation. 


WN HBS : 
re 2QrfoCr ae 
Ly = 0.12C pry? (18) 
Le = 0.52C rr? (19) 
If the value of Cr from eq. (17) is substituted in eq. (18) and (19), they become 
0.216rz, 
isp 
1 onthe (20) 
0.936rz 
Dy = 
2 Omh (21) 


The gain of a combined peaked amplifier is given by eq. (10) using the value of rz as 
obtained from eq. (17). 
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Fie. 14. Series Inductance (Le) in Terms of Frequency (f2) and Plate Load Resistance (rz) for a 
Combined Shunt-series Peaked Amplifier Stage 


The phase-delay expression becomes more complicated in this type of peaking, but it 
does not exceed 0.015/fo seconds, up to fo. 

If the Q of Lz is too high, a high-frequency peak will be experienced just before fo is 
reached. The resistance rz shunting Lz is to lower the Q of the inductance Lz and prevent 
the formation of a peak in the response curve. The value of resistance rz may vary from 
5 to 10 times the load resistance rz. 

Equations (17), (20), and (21) are plotted in curves, Figs. 12, 18, and 14, to expedite 
the design of a combined shunt-series peaked amplifier. 

CONSTANT-K-TYPE FILTER COUPLING NETWORK. The schematic diagram, 
Fig. 15, shows a wide-band amplifier of the constant-K, low-pass filter type. This circuit 
appears at first glance like the combined shunt-series peaking network; however, its con- 
stants are based on standard constant-K low-pass filter equations, as follows: Lz = = 

2 


1 ee t 
and C2; = her - In forms to apply to the circuit of Fig. 15 these become: 
The 

1 
TL = 22 
BT aft oy) 
Le = 12°C, = = (23) 

he 
_ ils 


Ly (24) 


2 
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and rz = 5 to 10 times rz. The stage gain is still given by eq. (10) using the value of rz 
from eq. (22). This indicates higher gain than any of the other high peaking systems. 
This is true; however, one factor has been ignored in all the foregoing systems, namely, 
distributed capacitance. Only the distributed capacitance Ca across the series coil as 


ena Ce 
1 


-C + +B -C + 


Fie. 15. Circuit for a Wide-band Amplifier i Ser a Coren Configuration Low-pass Filter-coupling 
etwork 


shown in Fig. 15 has much effect. This capacitance, however, changes the seeming con- 
stant-K low-pass filter coupling network into an M-derived filter section. In most wide- 
band amplifiers the frequencies encountered are high enough so that this effect cannot be 
ignored. In changing from a constant-K to an M-derived low-pass filter, there are two 
ways to keep a given pass band: to reduce the shunting capacitance, or to reduce the 
characteristic impedance. As the capacitance cannot be reduced, the only course is to 
reduce the load resistance rz, thus lowering the gain. The equations, taking this dis- 
tributed capacitance Cg into consideration, are as follows: 


= (OEING ACE 
m= i+ (3) -16 (25) 
(0) lh 26 
ae Th2Cz (26) 
M 
Ly = r1?C, = — (27) 
Tho 


Also L; = 0.8L approximately, and re = 5 to 10 times rz. 
Equation (28) gives the frequency of infinite attenuation which should be kept well 
outside the pass band to prevent excessive phase shift. 
1 
[Oe (28) 
TV 21nC)(1 — M?) 
Under normal conditions the phase shift is about the same as for the combined shunt 
and series peaking system. 
Equation (25) is plotted in Fig. 16, which gives the values of M in terms of the output 
1.2 


Value of M 
{2} 
fon) 


Fia. 16. Value of M as Produced by the Distributed Capacitance (Ca) of the Series Peaking Coil (L2) 
and the Output Capacitance (C1) of V1 (Fig. 15) 
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capacitance C; and the distributed capacitance Ca of the series inductance Lz. The curve 
in Fig. 17 shows the effect of M on the load resistance rz and the series inductance Ly. As 
the stage gain is directly proportional to the load resistance rz, the importance of keeping 
the distributed capacitance Ca as low as possible is apparent. 
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Fig. 17. The Effect of M on the Plate Load (rz) and the Series Peaking Inductance (L2) 


Equations (22), (23), and (24) are plotted in the form of curves in Figs. 18 and 19 to be 
used for designing wide-band amplifiers of the constant-K configuration. Knowing the 
top frequency fz (say 3 megacycles), determine the value of C2; 25 uwuf is a good estimate. 
Then from Fig. 18 find rz to be 4240 ohms. Now from Fig. 19 at 3 megacycles and 4240 
ohms find Zz = 448 microhenrys, and L; = 224. However, the distributed capacitance 
of Zz must be considered. It may be about 4 uuf while C; may be approximately 16 uyf. 
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Fig. 18. Plate Load Resistance (rz) in Terms of Frequency (f2) and Input Capacitance (C2) for a 
Constant-K Type Low-pass Coupling Network 


This gives a ratio for Ca/C; of 0.25; referring to curve Fig. 16 M is found to be 0.78. Re- 
ferring to Fig. 17 at the point M = 0.78 the value of rz will be 78 per cent of that for a 
constant-K network and the value of ZL will be 60.8 per cent of that for a constant-K 
network. These factors modify the value obtained above, rz becomes 3300 ohms, and L» 
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Fie. 19 Shunt and Series Inductances (Z1) and (Lz) in Terms of Plate Load Resistance (rz) and 
Frequency (f2) for a Constant-K Type Low-pass Filter-coupling Network 


becomes 272 microhenrys. From the above derivation ZL; = 218 microhenrys, which is 
approximately that obtained from Fig. 19. The shunting resistor r2 would have a value 
somewhere between 15,000 ohms and 33,000 ohms, depending upon the Q of the peaking 
coil (Zz). Its exact value would have to be determined by test. 
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Type of Video Sweep Signal Used to thst Wide- 
Band Amplifiers. 
Loading Resistor 7g Too Large 


Fie. 22. Curve Shape Obtained When the 
Loading Resistor (rz) Is Too Large 


Practical Results Obtained with Properly 
Adjusted Components, ! 


Fra. 20. Practical Results Obtained with Loading Resistor 72 Too Small 
Properly Adjusted Components (Constant-K Fra. 23. Curve Shape Obtained When the 
Type) Loading Resistor (r2) Is Too Small 
| 
| 
| 
| 
No Loading Resistor To Plate Resistor 7, Too Large 
Fie. 21. Curve Shape Obtained When No Fie. 24. Curve Shape Obtained When the 
Loading Resistor (rz) Is Used Plate Load Resistor (rz) Is Too Large 


In practice the wide-band amplifier is built as designed, and then tested by means of a 
video sweep of constant amplitude from zero to possibly 10 megacycles. -This signal is 
applied to the grid of the wide-band amplifier. The output of the second stage V2 is 
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observed across a very low plate resistance, possibly 100 ohms. Figure 20 shows the 
response of the wide-band amplifier of the constant-K configuration when all its com- 
ponents are adjusted properly. Figures 21 to 28 inclusive give the response obtained 
with various components that have incorrect values. 


Plate Resistor 7, Too Small 


Fie. 25. Curve Shape Obtained When the 
Plate Load Resistor (rz) Is Too Small 
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Fig. 26. Curve Shape Obtained When the 
Series Peaking Coil (L2) Is Too Large 


Series Peaking Coil Ly Too Small 


Fie. 27. Curve Shape Obtained When the 
Series Peaking Coil (L2) Is Too Small 


Shunt Peaking Coil Ly Incorrect, 
Too Large or Too Small About The Same, 


Fig. 28. Curve Shape Obtained When the 
Shunt Peaking Coil (Z1) Is Incorrect 


Multistage wide-band amplifiers using pentodes or beam power tubes offer no particular 
difficulty. However, if a multistage triode amplifier is to be designed, trouble will be en- 
countered if peaking is used in the grid circuit and plate circuit of the same tube, as it 
may result in a tuned-grid, tuned-plate oscillator. 

FIGURE OF MERIT FOR WIDE-BAND AMPLIFIER TUBES. The capability of a 
vacuum tube to amplify at high frequencies depends not only upon its mutual conduct- 
ance but also upon its input and output capacitances. It is these capacitances, in addi- 
tion to the stray capacitance, that limits the value of plate resistance rz that can be used. 
The ‘‘Miller” capacitance effect is the chief reason triodes are not satisfactory as wide- 
band amplifiers. 

Considering these factors, eq. (29) gives an acceptable figure of merit (F.M.) for wide- 
band amplifiers. 

&m 
i eae Fe GOT ce eR OS e 
Equation (29) is applicable to either triodes or pentodes; for pentodes and beam power 
tubes Czy is so small that the last term may be ignored, hence: 


a (30) 


re Cin + Cout 


Table 1 gives a list of vacuum tubes with their corresponding figure of merit. 


Table 1. List of Vacuum Tubes Applicable to Wide-band Amplifier Service, and Their 
Figure of Merit 


Input Output 
Tube Type _ | Capacitance, |} Capacitance, Gn 
wut put 

6AK5 4.0 2.8 5,100 
6AG5 6.5 1.8 5,000 
6AC7/1852 11.0 5.0 9,000 
6AG7 13.0 Hoe 11,000 
6AU6 5.3 5.0 5,200 
6BA6 535 5.0 4,400 
6AB7/1853 8.0 5.0 5,000 
6SH7 (55) 7.0 4,900 
6SG7 8.5 7.0 4,700 
6L6 10.0 12.0 6,000 
6V6GT 0.5 /b 3%) 4,100 
954 3.4 3.0 1,400 
6K6GT bye, 6.0 2,300 


COMPARISON OF HIGH-FREQUENCY COMPENSATION METHODS. Table 2 
gives the essential design data for high-frequency compensation of wide-band amplifiers. 
The last three types listed as “practical results’ give data obtained by measuring the 
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constant-K network response, with different ratios of Ci/C2. As the distributed capaci- 
tance Ca cannot be eliminated, it must be considered as producing an M-derived low-pass 


filter network. 
Table 2. Summary of Wide-band Amplifier Formulas 


Relative 
Type ae, Ly ly Gain at fe ah 
Uncompensated............ Ls WleeRetexe,doacetoe,si| oeteritrenec cre OZ OTe ok |scxcreayrrexe versio lov areeter ee 
anfroCr 
ShunGsieces eto sere arora LMP A ccierceettieis 0.5rz, MOO ine eetets ce Stee sve eote enc o) « e 
2rf2oC7T Infe 
Shunt for best phase and 0.85 ives eraesenerstereerters 0.35rzr ON SSI le rencrece ccs contre eee 
ampl. 2rfoCr 2rfo 
SertessC7, Conn Osan ec irela st Pe TL |eveeeeecees ide a ee ( Sea corte Be eat SS La 
2rfoCr 2nrfo 
Shunt-series Ci/C2 = 0.5.... 1.8 0.52C rrp? | 0.12C7rL? VO yn gall evar s ora rections: coaster 
Irf2Cr 
Pure constant K Ci/C2 = 0.5 | rL?C2 0.5L 3310 Datel saliae wemedete eres: 
mf2C2 
Constant K with Ca M rL?C2 0.8L app. 3.0M CRN@ Ca 
Ci/Co = 0.5 whaOs es (=) = 
Practical Results 
Constant K with Ca 0.96 rL?’C2 0.8L. app. 2.88M Cay? Ca 
Ci/C2 = 0.3 haCs 1 oD) Die 
Constant K with Ca 0.85! rL?C2 0.8L. app.| 2.55M Ny) ENG Gs 
C1/C2 = 0.5 afoC2 1+ ©) — Ci 
Constant K with Ca 0.76M rr?C? | 0.8L2 app. | 2.28M TAGE | 
C1/Co = 1.0 aie. (ts a) mee 


Gain = r_tGu 


LOW-FREQUENCY RESPONSE. Low-frequency attenuation or low-frequency am- 
plitude distortion and phase shift may be introduced in any one of four places, or a com- 
bination of the four. They are (1) cathode resistor and by-pass condenser; (2) grid con- 
denser-resistor coupling network; (3) screen supply resistor and by-pass; (4) the internal 
impedance of the B power supply. 

EFFECT OF A CATHODE RESISTOR AND BY-PASS. One method of obtaining 
a negative bias on the grid of a vacuum-tube amplifier is to include a resistor rz in series 
with the cathode to ground; to prevent loss of gain, this resistor rz is shunted by a capaci- 
tor Cy. See Fig. 29. The effect of this bias network r;,C;, on the low-frequency response 
is caused by the fact that, the lower the frequency, the higher the capacitive reactance of 
Cx, and the less its shunting effect on rx. This results in cathode degeneration with an 
accompanying loss in gain. The gain of such an amplifier stage is given by: 


§mTL 


Gain A = (31) 
TL 1 
1+ % + 2(+ + on) 
Tp Tp 
The cathode circuit impedance Z;, is given by 
2QrfC 
ges rk/ (2afCr) (32) 


Vid + Oo fCx)? 
Equation (31) is a general formula. For a wide-band amplifier the tube is usually of the 
pentode type, in which case rp >> 7x, and rp > 1.0, so rz/rp and 1/rp may be disregarded, 
and eq. (31) becomes: 
8&mTL 


Gain A = —-7—_ 
1+ gmZz 


(33) 
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To prevent loss of gain at the lowest frequency, Z;, must remain essentially constant. In 
practice this may mean hundreds of microfarads for Cx, especially if rz is low. It is pos- 
sible to compensate for the loss of gain due to cathode degeneration by a plate filter 
rrCr in the plate circuit of the amplifier stage (Fig. 29). The conditions that must be 


+ 


+B +B -C % 
Fie. 29. Amplifier Stage Considering Low-frequency Response Only 


met to compensate for the 7r,Cxz network are: rxC, = rrCr, rr/re = TL&m, and Cy/Cr = 
TLZm, from which the values of rr and Cr are obtained 


TF = SmTLTk (34) 
and 
Cua (35) 
&mTL 


THE EFFECT OF THE GRID COUPLING CAPACITOR-RESISTOR. With a grid 
coupling condenser Cg and resistor rg, Fig. 29, the voltage e3 impressed on the grid of V2 
will decrease, as the frequency decreases, assuming e2 to remain constant. The ratio 
€3/€2 is given by 

&3 TG 


SEN oo a ee 36 
erg + (/2 fCe)? Sai 


At the frequency that makes the capacitive reactance 1/wCg equal to the grid resistance 
rq, the response é3/é€2 will be 70.7 per cent of that at mid-range frequency, and the phase 
shift will be 


XCg 
tans —— = 45 deg (37) 
TG 


The grid resistor rg should be made as large as possible; its value, however, is limited by 
the tube manufacturer to a maximum for a given tube type. For a given low-frequency 
response the value of Cg¢ may have to be so large that there is danger of ruining the high- 
frequency response by increased stray capacitance to ground. In practice the value of 
C@ would be 0.05 to 0.10 uf, and rg would be the manufacturer’s maximum value for the 
tube type being used. If these values do not give a response at the lowest frequency of 
5f; as indicated on Fig. 1, compensation is needed. 

Equations (36) and (37) are plotted in the form of curves in Fig. 30. This gives an 
easy means of determining low-frequency response before compensation. The plate filter 
Crrr, Fig. 29, can be so proportioned that the voltage rise across rtCr as the frequency 
decreases can just compensate for the voltage loss across Cg, thus producing flat response. 
Also the phase angles are such as to compensate. To achieve this compensation the time 
constants of the plate-filter circuit and grid circuit must be equal, that is, rgCg = rxiCr, 
from which 


Cre raCa (38) 
TL 
and 6 
ae 3 
Tite re roe (39) 


where f is the lowest frequency to be compensated to full response. These equations are 
based on the fact that the pentode amplifier is a constant current device within the range 
of operation. The value of rr should not be made so high that the amplifier plate voltage 
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falls appreciably below its screen voltage, or trouble may result from too high a screen 
dissipation. 

Usually it is preferable to make the cathode circuit such that no compensation is needed 
at the lowest frequency required. Then compensate the grid coupling network in the 
plate circuit by means of the plate filter. It must be remembered that the plate filter 
compensation will take care of only the loss of lows at one point. Do not try to compensate 
for two losses by a single compensation; it cannot be done. 
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Frequency, cycles per Second 


Fie 30. Curve, Giving the Low-frequency Response Obtained, and the Low-frequency Phase Shift, 
with Different (rgC@) Grid Coupling Network 


THE EFFECT OF THE SCREEN BY-PASS. The effect of r2C2 (Fig. 29) is similar 
to that which results from cathode degeneration mentioned previously. However, the 
screen current is only about 10 per cent of the plate current, and the screen-plate mutual 
conductance is only about 12 per cent of the control grid or cathode-to-plate mutual con- 
ductance, and so the effect is much smaller. 

If the time constant of r2C2 is made at least 4 times as long as the period of the lowest 
frequency it is desired to pass, the effect will be negligible. The value of re is determined 
by the voltage requirements for the particular tube being used; then the value of C2 is 
given by: 4 


= (40) 


THE EFFECT OF THE INTERNAL IMPEDANCE OF THE POWER SUPPLY. The 
power supply internal impedance Z; is essentially the reactance of the output filter con- 
denser. This reactance becomes common for all amplifier stages and may result in the 
loss of low-frequency response or in low-frequency motor-boating, depending upon the 
number of stages, the response, and the gain of the system. 

It has been found that the capacitive reactance x, of the final filter condenser in the 
power supply system, at the lowest frequency encountered, should be no greater than 10 per 
cent of the effective full load resistance to prevent common coupling through the B supply. 

The value of the final filter capacitance is then given by: 


Cy 


10 
C= Qnfr (41) 
where 7 is the effective load resistance which is given by: 
r= ‘ee (42) 


where Ey and J, are the B voltage and B current of the B supply. 
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In general, when designed for low-frequency response, the cathode circuit is by-passed 
with a capacitor of sufficient size to prevent cathode degeneration at the lowest frequency 
encountered, or the cathode is grounded and negative bias is supplied to the grid. The 
screen circuit is adequately by-passed so that no loss of lows results, and the B supply 
impedance is made sufficiently low to prevent trouble. This leaves only the effect of the 
grid capacitor-resistor network which must be compensated. This compensation is done 
in the plate circuit of tube V; driving the grid of Ve, as previously explained. 


6. CATHODE FOLLOWERS 


The name “‘cathode follower”’ is given to an amplifier stage when the load, or the major 
portion of the load, is in the cathode circuit instead of in the plate circuit. Figure 31 shows 
such an amplifier stage. 

This type of operation is called a cathode follower because the cathode tends to follow 
the grid in voltage as signal is applied, thus reducing the actual grid to cathode voltage 


Plate 
Output 
nN 
B 
Cathode 
Output sh 
Fig. 31. Cathode-follower Stage General Case, Fie. 32. Cathode-follower Arranged 
with Resistance in Both the Plate and the for Proper Bias by Returning the Grid 
Cathode Circuits Resistor to a Tap on the Cathode 


Resistor 


below that of the applied signal. This type of circuit finds its widest use as an impedance- 
changing device. It is used extensively in connection with wide-band amplifiers to match 
a line where a transformer would be impractical. 

Cathode followers usually use triodes, since high gain cannot be realized and since the 
shunt capacitance of a pentode is high, including screen-to-plate and screen by-pass 
capacitance as well as the usual cathode capacitance. 

Cathode followers have many characteristics not found in amplifiers of other types: 
(1) output from the cathode circuit, (2) voltage gain to the cathode of less than 1, (3) re- 
duction of input capacitance, (4) increase in input resistance, (5) low output impedance, 
(6) increase in effective plate impedance, (7) no change in polarity of output signal, and 
(8) use as a phase splitter with load in both cathode and plate. 

When a tube is operated as a cathode follower, the circuit should be so arranged as to 
supply the proper negative bias for the type of tube being used. If the circuit is as shown 
in Fig. 31, the Jr drop across the cathode resistor 7; should be such as to provide the proper 
bias for class A operation. When a high value of cathode resistor is needed, the arrange- 
ment shown in Fig. 32 should be used. The Jr drop across the resistor r; should provide 
the proper negative bias for class A operation. If the cathode resistor is so low in value 
that sufficient negative bias is not developed, an external negative voltage must be sup- 
plied to the grid to produce proper class A operation. 

In the general case (Fig. 31) the gain to the cathode is always less than 1 and is: 


‘ ats &mTk 
rea iu Ton i Sea (4 ae sy 


If the plate resistor is zero (Fig. 32), eq. (48) becomes 
° 8&mTk 
G A= 44 
sit Aiden “) 


When the cathode load is not a pure resistance, rz is replaced by Zz, which is the absolute 
value of impedance at the frequency of interest. 
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For pentode operation rp >> rz > 1, and so the gain to the cathode becomes 


5 &mTk 
Se 45 
Gain A Lees (45) 
The effective input capacitance of a cathode follower is given by 
&mTk &mTL 
= = C, (46) 
noaae tt (: 1+ ril(l/rp) + ay ae (; + Gilrp) + rd C/ty) + Bal 
When the plate resistor is zero, eq. (46) becomes: 
&mTk 
Cett = C 1— aot) + C, (47) 
ar wath ( T+ ril(/re) + gm # 
The effective input resistance is given by: 
ret = bs (48) 
&mTk 


SLAG eal 


The effective output impedance 7» of a cathode follower, for the general case, is given by: 
am (rL/Tp) +1 
(1/rp) + 8m 


Equation (49) is for the tube alone and does not include the effect of the cathode resistor 
rz which is in shunt with ro. The resulting impedance Z; is given by: 


To (49) 


Tork 
ive ro + TK a) 


When the plate resistor rz is zero, eq. (49) becomes: 
*) 1 
(frp) + &m 
In a pentode rp > 1, and so ro = 1/gm. 

In some cases it may be more desirable to have Z; the effective output impedance of a 


cathode follower in a single equation rather than first to calculate ro and then Z;. The 
general case for Z; directly is 


To 


(51) 


i ap lhe 
Z= 
1 T+ elgm + G/ral + Gz/ro C2) 
When rz is zero, eq. (52) becomes: 
Zs (53) 


(rn + dm) 


LINE MATCHING. It is often necessary to couple into a line, matching its char- 
acteristic impedance. For audio frequencies this can be done with a matching output 
transformer, but for wide-band amplifier work such a transformer is not readily available. 
A cathode follower can be used for such service. 

When the characteristic impedance Z of the line to be matched is less than ro for the 
tube to be used the value of the cathode resistor rz needed to match can be found from 
eq. (54); the circuit is shown in Fig. 33. 

r Ir 54 
be Dane par,) bee 

When the characteristic impedance Z of the line is higher than the cathode impedance 
ro of the tube, a series resistor is needed (Fig. 34), its value being the difference between 
Z and ro from eq. (51). 

In calculating the gain of a cathode follower feeding a line as in Fig. 33, the resulting 
impedance on the tube cathode is the cathode resistor 7, and the line impedance Z in 
parallel. This resultant impedance Z; is used in eq. (44) to obtain the gain of the stage. 

In the second case, where the line characteristic impedance Z is greater than ro, as in 
Fig. 34, the gain to the line is 


° . a: Z &m(Ts + Z) 
ain dsliners 5 = 7 (; + (re + Z)lgm + G/rp)] oy) 


, When matching a line with a characteristic impedance Z higher than the tube cathode 
impedance 7 as in Fig. 34, there must be a d-c circuit through the line capable of carrying 
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the tube plate current; otherwise the cathode follower will not operate. If r; is too high, 
however, the operation may be improved by terminating the line of Fig. 33 for direct 
current as well as for alternating current. 

When an amplifier operates with an unbypassed cathode resistor (a type of cathode 
follower), the effective plate resistance rp’ is increased. 


Tp’ = Te(L + gmx) (56) 


When a cathode follower is operated with a resistor in the plate circuit equal to the 
resistor in the cathode circuit, it is termed a ‘‘phase splitter.’”’ That is, the voltage de- 
veloped in the plate circuit will be equal to the voltage developed in the cathode circuit. 


+B 


Z=Tot 1s Be 


Fie. 33. Cathode-follower Circuit Used Fia. 34. Cathode-follower Circuit Used to Match 

to Match a Transmission Line, When a Transmission Line, When the Characteristic 

the Characteristic Impedance (Z) of the Impedance (Z) of the Line Is Higher than the 

Line Is Lower Than the Cathode Imped- Cathode Impedance (ro) of the Tube (V1) 
ance (ro) of the Tube (Vj) 


However, the polarity of the voltage in the plate circuit will be the inverse of the voltage 
in the cathode circuit. This type of circuit may be used to obtain pushpull operation 
from a single amplifier. The gain to the plate will be given by eq. (31), and the gain to 
the cathode will be given by eq. (43). 
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A grounded-grid amplifier is usually a triode which has its grid grounded and the input 
connected to the cathode. The output circuit is in the plate in the usual manner. Fig- 
ure 35 shows such a circuit. A triode connected in this manner has some of the character- 
istics of a screen-grid tube, as the grid acts as a shield between the input and output cir- 
cuits. It also has some of the characteristics of a cathode follower, as the cathode-input 
impedance is equivalent to that of a cathode follower with a plate load. Another feature 
of the cathode-input amplifier is that there is no 
voltage inversion between the input signal and 
the output signal as with conventional grid input. 

The input impedance Z, is given by: 


i Piet Tp 
1 + rplgm + (1/re)) + (rx/re) 


The input impedance Z, of a cathode-input 
amplifier may be adjusted to match a line the 
same as a cathode follower. Solving eq. (52) for 
Tk gives 


Output 


Tt 


Zi (52) 


bse (rL/rp) (57) = 


rk = 
* Ye[l + (rz/rp)) — [gm + /rp)] Fic. 35. Circuit of the Grounded-grid 
- Amplifier 


The effective impedance Z; in the cathode cir- 
cuit must be determined before it is possible to obtain the gain to the plate and the 
effective plate resistance rp’. Referring to Fig. 35, 7; represents the internal impedance 
of the signal input source, and rz is the cathode resistor. 


TiTk 
a 58 
: Ti + Tk (58) 


Where a transmission line is being matched, r; would be replaced by Z, the character- 
istic impedance of the line. 
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The gain of the cathode-input amplifier is given by eq. (31) using Z; as obtained from 
eq. (57). 


; — &mTL 1 
Gain 4. Tp @a/ep + Saline eshigel a 
It 2an be seen from eq. (31) that to obtain high gain with a cathode-input amplifier the 
cathode impedance Z, should be kept low and rz should be made as high as possible. 
Making rz high also increases the input impedance as shown by eq. (52). 
The effective plate impedance 7,’ of a cathode-input amplifier is given by eq. (56), 
substituting Z; as obtained from eq. (58) 


tp! = Tp(1 + gmZn) Be 


which gives an increase in plate resistance over that of the tube operated in the conven- 
tional manner. 


8. IN-PHASE AMPLIFIERS 


The name in-phase amplifier applies to an amplifier that has the same polarity of signal 
in the output as that applied to the input. In sine-wave operation this is of little impor- 
tance, but for pulse amplifiers, or television amplifiers, the polarity of the signal is impor- 
tant. These types of signals are not symmetrical about an a-c axis and must be treated 
accordingly. 

There are four general types of in-phase amplifiers: 

1. Cathode follower. 

2. Cathode-input amplifier. 

3. Combined cathode follower, cathode-input amplifier (cathode-coupled amplifier). 
4. Suppressor input, screen output amplifier. 


The cathode follower and cathode-input-type amplifiers have been covered in the 
preceding sections and will not be discussed further. 

The third type of in-phase amplifier is a combination of cathode follower and cathode- 
input amplifier, termed cathode-coupled amplifier. This type of amplifier is best made 
by using a dual triode with a common cathode, such as a 6J6 or a 6SN7 tube. The circuit 

is shown in Fig. 36. In an ampli- 

+B AREA fier of this type the polarity of 

de oa the signal is unchanged at any 
point through the stage. 

The value of rx should be such 

Ue that the negative bias developed 

by the combined plate currents 

of V; and V2 is proper for class A 

operation of the tubes V; and Ve. 

In operation the cathode-coupled 

= = amplifier exhibits characteristics 

Fie. 36. The In-phase Amplifier of the Cathode-coupled Type in some respects similar to those 

of a screen-grid tube. It can be 

used with tuned input and tuned output circuits without danger of oscillation, such as 

would occur if a triode in conventional circuits were used. 

The gain of (V;) the cathode follower can be calculated by using eq. (31), the value of 
Z, obtained from eq. (52) being substituted for Z,. These two equations can be com- 
bined to give the gain to the cathode of Vi; assuming that both tubes are the same, then 


&m(rL oe Tp) 
21 + rpgm) + (re + 1rp)/re + rilgm + (1/7p)] 


The cathode follower is working into the cathode of the second tube which exhibits a 
low cathode-input impedance, as does any cathode-input amplifier. This cathode im- 
pedance must be considered in the gain equation. This is done by using Z, of the cathode- 
input tube as the cathode load for the cathode follower. This is a lower value than that 
of the cathode resistor. 

In obtaining the gain of the cathode-input section V2, the cathode-output impedance 
Z, for the cathode follower V; must be used for the cathode load of the cathode-input 
amplifier V2. The value of Z; from eq. (53) must be substituted for Z; in eq. (31). Com- 
bining these two equations, the gain of the cathode input section is given by: 


SmTLL + (rp/re) + rpm) 
2(1 + rpgm) + (ra + rp)/re + rolgm + (/rp)] 


Gain to cathode of Vi = (59) 


Gain from cathode to plate of V2 = (60) 
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The overall gain of the cathode-coupled amplifier is given by the product of the gain to 
the cathode of V; times the gain from the cathode to the plate of Vo. This can be written 
in a single equation as 


Overall gain of cathode-coupled stage 
a Sm (re + rp)[L + (rp/re) + pgm] 
{2(1 + rpgm) + [rn + rp)/rel + ro[G/rp) + gm)}? 


SUPPRESSOR INPUT, SCREEN OUTPUT AMPLIFIER. The circuit for this ampli- 
fier is given in Fig. 37. The circuit requirements are 
as follows: the tube should be of a type that normally 
operates with the screen at a lower voltage than the 
plate, and also it must have a suppressor grid struc- 
ture that has an effective mutual conductance to the Output 
plate. The 6AS6 is a satisfactory tube for this type of 
operation, as the suppresscr-grid-to-plate has a mu- 
tual conductance of about 1000 micromhos, and the 
suppressor grid-to-screen-grid has a mutual conduct- 
ance gms Of about 850 micromhos. The screen im- 
pedance Z; is of the order of 10,000 ohms. 

By the use of a 6AS6 for an in-phase amplifier, the 

q z j 6 -—4y -lv +250 v 
values shown in Fig. 37 give satisfactory results. Fra. 37. The In-vh PR Sle te 
Care must be taken when operating a tube in this ~ guppressor Tagan Screen Ouwee cope. 
manner not to exceed the screen dissipation. 

The gain A to the screen is given by eq. (3) using rs in place of Z and the screen im- 
pedance Z; in place of rp; the equation then becomes 


(61) 


+250 Vv 
6AS6 


os 

S 
| 

a 


; ee &msl Zs 
Gain A = rie iesi7 ag. (62) 


where gms is the mutual conductance of the suppressor to the screen. 


9. NEGATIVE-FEEDBACK AMPLIFIERS 


In the negative-feedback amplifier a voltage obtained from the amplifier output is fed 
back to the input in such a way as to oppose the applied signal. 

There are two general types of negative feedback. The first is negative voltage feed- 
back which occurs when a fraction 8 of the output proportional to the voltage across the 
output load is fed back to the input. The second is negative current feedback, which 
occurs when the voltage fed back is proportional to the current through the output load. 
The major difference in the results produced by voltage and current feedback are that 
negative voltage feedback results in a reduction of the effective internal resistance of the 
amplifier, whereas negative current feedback produces an effective increase in the internal 
resistance of the amplifier. 

Owing to the effect of reactance in the circuit, the voltage which is fed back may not 
be wholly out of phase with the input voltage. This phase shift is likely to occur at ex- 
tremely low or extremely high frequencies. In a single stage it cannot exceed 90°, which 
results in no feedback and a corresponding increase in gain. When more than one stage 
is included in the feedback amplifier, the phase shift may exceed 90°, which results in 
regeneration and perhaps oscillation. The method used to combat this phase shift and 
resulting oscillation is to make one stage with a narrower band width than the others. 
This should result in a loss of gain through the narrow stage to a value at which oscilla- 
tion cannot occur, by the time the phase shift has exceeded 90°. 

The effects of negative voltage feedback are (1) reduction in gain, (2) reduction in dis- 
tortion, (3) reduction in noise, (4) improvement in the fidelity with frequency, (5) greater 
consistency of characteristics with changes in applied voltages, and (6) reduction of the 
effective internal resistance of the final amplifier stage. 

The gain or amplification in the presence of voltage feedback is given by the relation 


A 
* . ae, Ce ee 
Gain with feedback A ee (63) 
However, for negative feedback £ is negative and the relations become 
A 
° * “ Pes ae eee 
Gain with negative feedback A i+ AB (64) 


which is a reduction in gain from A, the amplification without feedback. 
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When the value of A is large in comparison to 1, the gain becomes practically inde- 
pendent of the amplifier characteristics, becoming approximately A’ = 1/8. 
Negative voltage feedback reduces the non-linear harmonic distortion produced in the 
amplifier for a given output voltage according to the relation 
D 


1-+ AB 


where D is the distortion with no feedback. This assumes that no distortion is produced 
when reamplifying the distortion voltages fed back, which is quite accurate if the distor- 
tion with no feedback is not large. 

Feedback will reduce the distortion up to a certain point, but feedback cannot increase 
the power-output capabilities of a given amplifier. The distortion will be low over a 
portion of the output range but then will increase faster than for an amplifier with no 
feedback (Fig. 38). 


(D’) Distortion with negative feedback = (65) 


i= 
° 
ce 
° 
. 
2 
a 
oa 
2 
o 
Oo 
oa 
Z| 
wan eeeesey [| [| 
Si ll 


Relative Power Output 


Fig. 38. The Effect of Negative Voltage Feedback on Distortion 


Negative voltage feedback will improve the signal-to-noise ratio, if the source of noise 
is in the amplifier and not fed in as part of the input signal. For this case, assuming equal 
output voltages, 

Signal to noise with feedback Ay 


Signal to noise without feedback e A2(1 + AB) 


(66) 


where A; is the amplification from the point of introduction of the noise to the output 
with negative feedback, and Az the amplification from the point of noise introduction to 
the output without feedback. 

With negative feedback, as the response starts to drop with either high or low frequency, 
the feedback also decreases, opposing the change and resulting in a flatter frequency 
response. Thus 

Gain at f(A) _ A(1 + 4o8) 
Gain at fo(A2)  Ae(1 + Ai£) 


(67) 


Negative voltage feedback causes an apparent reduction in the plate resistance of the 
final amplifier tube in a feedback amplifier. The actual plate resistance rp does not change, 
so any impedance matching (as with an output transformer) should be done on the basis 
of no feedback. Then, with feedback, the response and damping effect as on a loud- 
speaker resonance is the same as though the plate resistance rp were lowered to ry’. The 
effective plate resistance 7,’ is the same whether the feedback is over a single stage or 
several stages, provided the gain reduction is the same. 

The effective plate resistance 7,’ is given by 


i 


pe = Tp 


~~ BmB + (1/rp) 1+ Bu 


Figure 39 shows some typical circuits with negative voltage feedback applied to a single 
stage of amplification. 

Current feedback has some characteristics that make it less desirable than voltage feed- 
back for use with the final amplifier stage. The effects of negative current feedback are: 
(1) reduction of gain, (2) increase of the effective internal plate resistance Tp’ of the final 
amplifier stage, (3) increase of input resistance, and (4) reduction of input capacitance. 


Tp 


(68) 
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The gain of such an amplifier, A’, taking feedback into consideration, is given by 


A 
A’ = ——_ 
1 — Aa (69) 
but, since @ has a negative sign for negative feedback, eq. (69) in reality should be 
A 
A!’ = ——_ 
1+ Aa we 


where a@ is the ratio of the feedback resistor rp to the load resistance rz, and A is the am- 
plifier gain without feedback. 


Fia 39. Typical Negative Voltage Feedback Circuits Applied to a Single Stage of Amplification 


The effective plate resistance 7,’ is given by the expression 
Tp’ = ToL + Smin) (71) 


where g» is the mutual conductance of the amplifier output stage. 

The increase of input resistance is similar to that obtained with a cathode follower. 
Equation (48) will give the effective input resistance; rz; should be replaced with rp. 

The input capacitance is given by eq. (46) by replacing rz; with rn. Equations (46) and 
(47) apply to current feedback over a single stage. 

Figure 40 shows some typical circuits with negative current feedback. 

THE ONE-SHOT AMPLIFIER. The one-shot amplifier is a form of multivibrator 
with one of the tubes biased beyond cutoff. The circuit is shown in Fig. 41. Under steady- 
state conditions tube V, is cut off and tube V2 draws plate current. The circuit remains 
in this condition until a positive trigger voltage of sufficient amplitude to cause V; to 
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draw plate current is impressed upon the grid of Vi. This starts a regenerative action 

through V2 and the grid of V; is driven positive (as indicated in Fig. 42). This causes 

grid current to flow, thus 

charging the coupling ca- 

pacitances C; and C2, result- 

ing in a large negative po- 

tential on the grid of Vj. 

As soon as the current in the 

plate circuit of V; stops in- 

cae ae creasing, the voltage on the 

= grid of V2 starts to rise; this 

he +B is also regenerative, and V2 

resumes its steady-state 

a ¢ plate current, but V, is left 

A B with its grid highly negative. 

This negative voltage dis- 

charges through r; exponen- 

tially back to the applied 
bias voltage H, Fig. 42. 

Owing to the regenerative 
action the output of this 
type of amplifier is a sharp 
pulse of short duration. The 
plate of V; gives a negative 
pulse, and the output from 
V2 is a positive pulse. 

The voltages acting on 
the grid of V; are shown in 
Fig. 42. The trigger pulses 
should be limited in ampli- 
tude so that, at the desired 
time after firing, the ampli- 
fier is again ready to fire. 
With the trigger pulse 
limited to amplitude P it 
cannot fire the one-shot am- 
plifier earlier than the pre- 
scribed time. Assuming 
that C, and C2 are small 
enough to permit them to 
change to the peak positive 
voltage applied, then the 

Fig. 40. Typical Negative Current Feedback Circuits operating conditions can be 
calculated. 

The Ir drop through the plate load resistor rz of V2 must be appreciably greater than 
the cutoff voltage required on V}. 


Positive 
see 
Pulse 


—E, 


+B Negative Pulse 


Fie. 41. Circuit Diagram of a One-shot Amplifier 


Referring to Fig. 42 for voltages and symbols, assume the trigger pulse amplitude P 
to be equal to the cutoff bias #, of Vi, and the applied bias to be equal to E; + P/2. 
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= aaZero) Bias 
Ee, 
——— 
1 Hy 
———Ea=—(E,+ £) 


C=C Ceo 
Fie 42. The Voltage on the Grid of Tube (V1) of Fig. 41 during Operation 


The time T that must elapse between firing of the amplifier and the second firing by a 
pulse of amplitude P is T = 7(C,; + C2). The applied bias —F, to Vi of Fig. 41 is 


given by: 
EF P 
E. = — (72 + >) (72) 
M1 2 
and #3; is given by: 
Ex, = m(rrlp — 1.85P) (73) 


where y is the amplification constant of V;, and rzJp, the voltage drop across the plate load 
rt of V2, is assumed to be the maximum negative voltage on the grid of V; immediately 
after firing. 


10. PULSE AMPLIFIER 


With the advent of radar and television, pulse amplifiers became necessary. The pulse 
amplifier is an adaptation of the wide-band amplifier. The bandwidth necessary is de- 
pendent upon the pulse, the high-frequency response is governed by the rate of rise and 
decay of the pulse, and the low-frequency response is determined by the duration of the 
pulse. (See Section 9.) 

The equivalent frequency fo of the pulse is considered to be equal to that of a sine wave 
that rises from zero voltage to peak voltage in the same time as that of the pulse. This 
results in a frequency f2 that must be passed by the pulse amplifier, given by 


1 


= ai (74) 


fo 


where 7’ is the rise time or decay time of the pulse, whichever is shorter (see Fig. 43). 


Try ie Tp 
To 
Symmetrical 
Positive Pulses 


Symmetrical Unsymmetrical 1 
Negative Pulses f= 2 To 
1 


Car 
Fia. 43. Negative and Positive Pulses, Showing the Pulse Rise Time (77), the Pulse Decay Time (TR), 
and the Pulse Duration (7'p) 


Determine the frequency f: represented by the rise time, then refer to the section on 
wide-band amplifiers and determine the design of an amplifier having the required high- 
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frequency response. The low-frequency re- 
1 sponse at 5/; needed is obtained from the pulse 
Positive duration Tp. 


pulse input = elms 75 
fi Tp (75) 


Again refer to the section on wide-band 
1 amplifiers to determine the constants needed 
| to produce the required response. ; 

The consideration for the initial bias point 
for the vacuum-tube grid is somewhat dif- 
| | 2u ferent in pulse amplifiers from what it is in 

| fee conventional amplifiers. For a positive pulse 

Operating point for a high bias is needed. This bias can be, 

a positive pulse and usually is, supplied by grid current (Fig. 
44, Aj). 

For a negative pulse a low bias is needed 
and the tube draws a heavy current except in 
(a) perating point for the presence of the pulse which drives the 

a negative pulse tube grid toward cutoff. This is shown in 
Output Fig. 44, Ae. 

The circuit shown in Fig. 44, B, is ade- 
ib, quate for either a positive or a negative pulse 
amplifier. The time constant of the grid 
circuit 71;C; should be several times the pulse 
repetition rate to maintain bias between 
pulses. 

With positive pulses the grid is biased by 
means of grid-leak bias to a value represented 
by the a-c axis of the positive pulse. This is 

b self-adjusting and requires no controls. When 

(0) one is operating with negative pulses, the bias 

Fic. 44. Grid Bias, Plate Current Curve, will be essentially zero, depending upon the 
Showing the Operating Point for a Positive pulse a-c axis, and will operate equally as 
Pulse, the Operating Point for a Negative Pulse, well as for a positive pulse. A circuit of this 


and a Circuit That Will Automatically Set the . . . 
Bias at the Proper Voltage for Correct Opera- type is self-adjusting and assumes an operat- 


tion Regardless of the Pulse Polarity or Ampli- 12g point so as to provide efficient operation 
tude regardless of pulse amplitude or polarity. 


6X — j—- — — 


INTERMEDIATE-FREQUENCY (I-F) AMPLIFIERS 


By Charles J. Hirsch 


Because it is difficult to amplify and separate signals at high radio frequencies, some 
receivers (known as superheterodynes) convert the signal frequency to a fixed intermediate 
frequency. The signal then is amplified and selected at the new frequency by means of an 
i-f amplifier. Such receivers differ from tuned-radio-frequeney (t-r-f) receivers, which 
amplify by means of circuits tuned to the high carrier frequency. 

The intermediate frequency is usually lower than the radio frequency and higher than 
the frequency of utilization (audio or video frequency). 

The intermediate-frequency amplifier has the function of amplifying the signals within a 
specified i-f band and of rejecting all others. It is the most important factor in the deter- 
mination of sensitivity, selectivity, and fidelity of superheterodyne receivers. Since these 
characteristics of the complete receiver are, in the main part, the characteristics of the i-f 
amplifier, it is easy to make them constant over the tuning range. 


11. FACTORS AFFECTING THE CHOICE OF INTERMEDIATE 
FREQUENCY 


The choice of intermediate frequency requires a careful study of the following factors: (1) 
overall gain, (2) selectivity, (3) image rejection, (4) tuning range, (5) tweets (whistles caused 
by harmonies of the i-f which are generated by the second detector and reimpressed on the r-f 
circuits to beat with the signal frequency), (6) i-f rejection, (7) strong stations separated by 
the intermediate frequencies, (8) cost, ie., number of tuned circuits and their components. 
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Low intermediate frequencies have the advantages of (a) high stage gain because a 
higher impedance can be presented to the output of the amplifier tube; (b) narrow band 
width, i.e., better selectivity because a given frequency separation is a greater fraction of 
a low intermediate frequency than of a high intermediate frequency (see Universal selec- 
tivity curve, Section 6); and (c) greater freedom from tweets (when the i-f amplifier is pre- 
ceded by a high degree of r-f selectivity) because only higher and therefore weaker (but 
more numerous) harmonies of the i-f occur at the signal frequency and beat with the 
signal to produce tweets. 

High intermediate frequencies have the advantages of (a) higher image rejection by 
(1) increasing the separation (twice intermediate frequency) between the desired signal 
frequency and the image frequency, and (2) reducing or even eliminating that part of the 
tuning range within which signals can produce images; (b) reduction in the number of 
“tweets’’ because fewer harmonics of the intermediate frequency lie within the tuning 
range; (c) greater freedom from ‘“‘birdies” (whistles produced by combinations of r-f sig- 
nals) because combinations of r-f signals, separated in frequencies by the intermediate 
or subharmonics of the intermediate frequency, will not be impressed on the converter to 
produce intermediate frequency, or beat with the local oscillator to produce intermediate 
frequency; (d) greater freedom of interaction (pulling) between the local oscillator and 
the antenna circuit because of greater frequency separation. 

High image rejection and freedom from “‘birdies’’ require costly r-f selectivity. 'There- 
fore, a high intermediate frequency is economical because it reduces the requirements for 
r-f selectivity. 

The i-f amplifier frequency must not be too close to the tuning band as the receiver will 
then become unstable. 

Table 1 presents a comparison of the receiver characteristics associated with two inter- 
mediate frequencies for the broadcast band; Table 2 gives some idea of the intermediate 
frequencies commonly associated with specific radio frequencies. 


Table 1. Comparison of Two Radio Receivers Having (a) an Intermediate Frequency 
of 175 kc, (b) an Intermediate Frequency of 455 kc 


Tunine’ Range. 50-1720 ke ‘gab ee 


1. Frequency separation between desired 
Stabionl andiwmagers aver masa savetiocereverns 2X 175 = 350 ke 2X 455 = 910 ke 
2, Frequency range in which stations within 
the tuning range can cause images 
EST Orinen Goropyereke ak te hs eker ace: eset sce inyssevtes eons 550 + 2X 175 = 900 ke | 550 + 2 X 455 = 1460 ke 
ROME atte sit catars wei cis canta me petoe S ens as 1720 ke 1720 ke 
(Note: The ability of stations outside the 
tuning range to produce images must not 
be overlooked.) 
3. Frequency range of stations which may 
be interfered with by images produced by 
stations inthe tuning range. (See above.) 


Exit se Se, TORI PAGO D AOE como Sod 550 ke 550 ke 

LO git ots te Gee: stee Aevefetes ttatt a eeiees 1720 — 2 X 175 = 1370 ke | 1720 — 2 * 455 = 810 ke 
4, Harmonies of the intermediate frequency 

occurring in the tuning range........... 4th, 5th, 6th, 7th, 8th, 9th 2nd, 3rd 


5. Separation of stations capable of beating 
with each other in the first detector to 
produce intermediate frequency......... 175 ke 455 ke 


Table 2. Examples of Usual Intermediate Frequencies 


Tuning Range, Mc Intermediate Frequency, Mc 
aa) OFS O=O5 275 oie wtovace @ crvelons ove ove 0.130. 
(G)MOMSO= 127-20 eersrcteverotsucrcrocetate tes 0.455-0.465 


with some European receivers at 0.260—0.360 to 
gain more selectivity 

(e) 0, 540=23.0 ir) reins staisl say teeneeeens 0.455 
Some receivers use 0.455 Mc for the whole fre- 
quency coverage. Others switch to an i-f of 2 
Mc when receiving signals above 9 Mc. 


(dy 40=50- Mio Mame ere sic y<ieisbotee ont 4-5 
(e) 88-108 Mc F-m............. 10.7 
(f) 54-88 and 174-216 Telev...... 20-30 
(21.75 sound—26.25 picture) 
(zg) 200 Me pulse, communication. 11. 7-15-30 


(kh) 1000 Mc and up............. 30-60 Mc 
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12. NARROW- AND MEDIUM-BANDWIDTH I-F AMPLIFIERS 


I-f amplifiers can be classified into (a) narrow (10 ke) and medium (< 200 ke) band- 
width, and (b) wide-bandwidth (> 200 ke) amplifiers. 

Narrow- and medium-bandwidth i-f amplifiers, which are used in most receivers receiving 
audio frequency a-m or f-m intelligence, usually consist of individual stages using pairs of 
coupled-tuned circuits. A rectangularly shaped selectivity curve (one having a flat top 
and steep sides) usually is desirable. 

I-F AMPLIFIERS FOR A-M BROADCAST RECEIVERS. These usually consist of 
cascaded, critically coupled, double-tuned stages at a frequency between 455 and 465 ke. 


1st I-f 2nd t-f Audio 
Transformer Transformer "Satout> 


From antenna or 
(Nas r-f stage 


+100 v +250 v +100 v +250 v +250 


fia. 1. Typical I-f Amplifier for Inexpensive 550-1720 ke Receiver 


The design is affected by the need for (1) gain, (2) selectivity, (3) fidelity, (4) stability, 
and (5) economy. 

Gain and Selectivity. The i-f amplifier is the major source of gain and selectivity in 
a radio receiver. The i-f gain (from radio frequency on the converter grid to the second 
detector) depends on the performance required. It will lie between a minimum of 1400 
for single-band (usually 550-1750 kc) sets having a high gain r-f stage and large r-f pick-up 
up to a maximum of 50,000 for short-wave sets with small r-f pick-up and using low-noise 
converter tubes. For single-band sets it is seldom necessary to use more than one i-f stage 
to get the required gain and sensitivity. In general in such cases (two i-f transformers, see 
Fig. 1) the stage gain must be high. This requires high-impedance transformers which in 
turn implies high L/C ratio and high Q circuits to gain the required selectivity (see eqs. 


1st i-f 2nd i-f 2nd 
Converter stage stage detector 


From antenna or 
preceding r-f stage 


Local oscillator 


To grid return of 


0 a-f 
a preceding tube T 


amplifier 


4-250 v #100 v +250 v +100 v +250 v +100 v +250 v 


Fia. 2. Two-stage I-f Amplifier Using Six Tuned Circuits 


(1)-(18) of this article). The Q is made high by using (a) litz wire, (b) iron-core coils, (c) 
sectionally wound (pie wound) coils, and (d) large shield cans. 

When higher selectivity and gain are required, and in general for multiband sets, two 
i-f stages are often used (five to six tuned circuits, see Fig. 2). The gain and selectivity of 
such sets are given by eqs. (16)—(18) below. Values for typical sets are shown in Table 3. 
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Table 3. Average Stage Gains and Second Detector Sensitivities for Different Types 
of Broadcast Receivers Produced between 1934 and 1946 


; . 2nd Detector Sensitivity 
Gain | Conversion | ist it | 2ndit| Overall Miles LSS 
Type of Set x 2 7 be BL i-f Volts a-f Watts 

30% Mod. | in Voice Coil 
Ac-de (no r-f stage)......... 30 94 2,800 053 0.05 
Ac-de (r-f gain of 6)........ 23 61 1,400 0.3 0.05 
Battery (no r-f stage)....... 43 88 2,800 0.5 0.05 
(nourststage)in aden tcem rae 32 35 44 50,000 0.5 0.05 
(@=Afioain tof: iO) ier. xeeteseussepees 39 56 2,200 0.5 0.05 
ACU (MO rr=fisbage))rjsieisieyvc Ato 40 100 4,000 0.6-0.9 0.50 
(noim=fistage) je 1s.cru o1c.00.0" 26 10 56 14, 300 0.6-0.9 0.50 
(ef igainsOL MZ) iscicvscaesern, > 14 37 41 21,000 0.6-0.9 0.50 
PRULO! (MOFT=1) eesreierelsisresecee on 44 120 5,300 0.7-1.1 0.50 
(-fezainor 40)hc eee 39 90 3,500 0.7-1.1 0.50 


If two i-f stages are used, the overall gain can be held down to reasonable values, stabil- 
ity can be improved, and the cost can be reduced by using (a) solid wire coils instead of 
litz as the five or six tuned circuits will supply adequate selectivity even with the lower Q 
of the solid wire coils (b) lower L/C ratio, (c) output voltage obtained from a tap on the 
secondary (but not in the stage feeding the diode, as a condenser across the diode load is 
necessary to present a low reactance to i-f harmonics generated by the diode), (d) unby- 
passed cathode resistor, (¢) increased bias (however, this decreases the effect of ave on 
this tube). 

Gain and Selectivity of Last Stage. The gain of the stage feeding the ave diode must 
be high enough so that its own grid will not overload owing to inadequate gain control of 
the preceding stage. In other words, it must, without overloading, supply enough power 
to the diode so that the diode may supply adequate control voltage to the preceding stages 
for all signal amplitudes to be expected. For remote cutoff tubes 30 to 40 volts of ave 
may well be needed, which represents from 60 to 85 per cent of the peak carrier voltage 
impressed on the diode. 

The ratio of a-c to d-c diode load impedance should be as near unity as possible to 
prevent amplitude distortion on high percentage modulation signals. 

Variable Selectivity. (See reference 4.) Extreme selectivity usually causes extreme 
cutting of the side bands with loss of fidelity. To overcome this, some receivers use varia- 
ble selectivity. This usually is obtained by coupled circuits which are critically coupled 
(or undercoupled) when selectivity is required, but which are overcoupled when selectivity 
can be sacrificed. As the coupling increases, the selectivity of each coupled pair assumes 
the well-known two-peak form. The frequency separation between peaks (f,; — fe) in- 


jp = oh 
y 


creases with the coupling. aa K approximately for overcoupled high-Q circuits. 


K is adjustable from Low M to approximate 
K=Kc to K> Ke two single-tuned 
Modulator aa oe =a ae circuits in cascade 
T1 T2 13 —S 14 
ag fea ag fea Lo eS 
S/S S/S 2S §2 
o oO a =) =. > 
@ tV¥itlo t¥itlets fle 
Ss Na 


AVC 


Ae Lt 


= = 


Fiq. 3. I-f Amplifier Having Variable Selectivity 


The valley between the peaks is filled in by the selectivity of a single-tuned circuit. A 
flat-topped selectivity curve can be approximated for all coefficients of coupling if the Q 
of each circuit of the coupled pair is equal to twice the Q of the single-tuned circuit. In 
practice, the i-f amplifier takes the form of Fig. 3, which consists of three double-tuned 
circuits. The coupling of the first two pairs is adjustable and capable of being overcoupled. 
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The coupling of the last pair is low so as to approximate the selectivity of two single-tuned 
circuits in cascade (one to fill in the valley of each overcoupled pair). The Q of the adjust- 
able pairs is equal to twice the Q of the very loosely coupled pairs. The cathode resistors 
of about 100 ohms are unbypassed to minimize the detuning caused by variation of the 
bias by the ave. (See reference 3.) 

Broad i-f amplifiers are sometimes used to reduce the need for frequency stability in 
the local oscillator in pushbutton sets or short-wave sets. 

Tuning Stability. The amplifier should be tuned with enough capacitance (> 25 uf) so 
that it will not be appreciably detuned by (a) replacement of tubes, (b) displacement of 
parts by vibration, (c) change in input capacitance of vacuum tubes caused by variation of 
gain. (This can be balanced by a small unbypassed cathode resistor (reference 3) of about 
100 ohms; see Fig. 2.) 
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Shield can 


Coils wound 
In same direction 


Spacer 


Stranded 


BtP hook-u p G AVC 
wire 


Band width at 20 db_ 
Band width at 6 db wor? bet 

Cre coupling to be slightly 
Tank aan below optimum 


M is to add to coupling Introduced by Cpg 

Cpgq is to be kept to minimum by separating plate & grid leads 
in shield can. Cpg is a stray capacitance 

Fluctuations in tuning due to vibration is minimized by 
anchoring leads & using stranded hook up wire because it is 
mechanically self damped 


Fie. 4. Typical 0.455 Mc I-f Transformer 


Where the amplifier will meet wide variations in temperature and humidity, the use of 
stable fixed condensers and tuning by means of adjustable iron-core coils is desirable. 

The inductive coupling between windings can either aid or oppose the coupling due to 
the capacitance between the plate and grid terminals of the i-f transformer. 

If very small transformers are desired, opposing inductive and capacitive coupling 
permits closer spacing of the windings. For coaxial coils, wound in the same direction, 
opposing coupling permits the coils to be partly self-shielded electrostatically by using 
the outside terminals as the low i-f potential terminals. 

However, variation in the above capacitance, due to differences in production wiring 
or changing distance between wires due to vibration, causes much larger variations in the 
gain and bandwidth of an i-f stage with opposing couplings than with aiding coupling 
because the difference of two nearly equal quantities varies much more than their sum 
as either quantity is changed. 

For the above reasons, whenever size and economy permit, aiding coupling is preferable 
to opposing coupling. However, the combined coupling should be sufficiently below 
optimum to prevent overcoupling due to production variations and vibration. 
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With either coupling, production will be much more uniform if the capacitive coupling 
is made as small as possible (see Fig. 4). 

Feedback of I-f Harmonics. The second detector output must be well filtered and 
kept as far as possible from the r-f components so as to prevent harmonics of the inter- 
mediate frequency from being impressed on the r-f circuits where they can beat with the 


signal and cause “‘tweets.”’ 


I-F AMPLIFIERS FOR FM RECEIVERS. The same considerations hold for fre- 
quency modulation as for amplitude modulation except that: 
1. Bandwidth must accommodate maximum signal frequency swing so as not to cause 


amplitude distortion. 


2. Gain must be adequate to operate limiter on weakest signal. 
3. Top should be reasonably flat so as not to overtax limiters and to reduce distortion 


in balanced detectors. 


3a. Bandwidth at least Table 4. Typical Dual I-f Amplifier Stage for Am-Fm Set 
150 ke at —6 db. Adja- 
cent channel attenuation AM FM 
+400 ke at least 50 db. Freep es incon ie’ 0.455 Mc | 10.7 Me 
4. Selectivity curve (pun 
should be symmetrical. adjusted by iron core from........... 862 uh 4.2 wh 
5. Intermediate fre- ton ate eee a 1395 wh 8.4 uh 
quency: for the) -SS4lOS) Opies icisicn sneer trae oe 68-77 88 
band is usually 10:7 (Maoh SEMIN BERN c-leleviss chnenctae et 0.70 approx. 0.80 
6. Amplifier consists | Ke 
usually of sets of double=- | Gaimy..... 2... 1-25. eee eee nee eee 43 db 28 db 
tuned circuits. Be Sie ceodratt cael stot ekerebace cilia: wien enaretia soe hint ie a sf 
Waa band tia coeds ue) BPE eM edicoe o: cueve’ dave acthevncs averse arm cailers ¢c c 
usually are combined in a AW SEROVAR is oto oh ee Mtoe TPN weds 2.66 2.50 


one common shield can 
(but care must be taken to 
prevent interaction so 
that leads will not change 
couplings by adding ca- 
pacity between windings). 

8. To prevent detuning 
with ave, those tubes 


Note: The ratio of the bandwidths of two signals 20 db and 6 db 
stronger than the signal at resonance is a measure of the coupling. 
This is indicated as W20/W¢ and is equal to 2.37 when LiC; = L2Co, 
Qi = Qe, and the circuits are critically coupled. When Qi ¥ Qe as in 
a transformer feeding a diode, experience indicates that this ratio should 
be 2.7-3.0. When the transformer is used in the plate of a modulator 
tube, the ratio should be 2.5—2.6. 


which have ave may be supplied with an unbypassed cathode resistor of about 100 ohms. 
9. Tuning usually is accomplished by means of iron slug to increase the stability. 
A typical design is given in Table 4 and Fig. 5. 


Each coil adjustable 
from 4.2 to 8.4 ph's 


\-f =10.7 mc 
| 
Ww Ut 
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Fie. 5. Typical 0.455 and 10.7 Me I-f Stage for Combined A-m and F-m Receiver 
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USEFUL RELATIONS FOR HIGH-Q CIRCUITS. 
Selectivity can be expressed in two ways: 
(a) With constant input as 
Ses Output voltage at any frequency f (or bandwidth f, ~ 2[f — fol) (1) 


Output voltage at the resonant frequency fo 


= a number less than unity 
(6) With constant output as 


1 __ Input voltage at any frequency f (or bandwidth f,, © 2[f — fol) 
Sa Input voltage at the resonant frequency fo 


(2) 


A => 
= a number larger than unity 


G= Gain=Eo/ey 
enema fo 
Euatsiy/2 
So=resonant frequency 
Sw=band width at any value ofA 
(same units as fy) 
Suz band width at a db’s 


So for double tuned circults 
and K= Ke 


3 2 1 O14 1 2 8 


fre. 6. Definition of Symbols in Text. Curve shows selectivity, A, of single double-tuned stage for 
= Ke; and Q1 = Q2. 


A. Single-tuned Stage (see Fig. 6 for definition). 


1 oe Resonant frequency to 
i Bandwidth to signal 3 db greater than resonance Af © 


Af is bandwidth for signal 3 db greater than the signal applied at the resonant 
frequency. ie 
Aw = 27 Af (4) 
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a Signal at f (or f — fo) ally 1 
Signal at fo wa 


1 
= ———————._ (See Section 6, article 1, for universal (5a) 
4 ip ae se| = ay selectivity curve) 
if 
3. Gain per Stage 


2. Selectivity = S 


(5) 


G = gmQX (6) 
4. Stage Gain Multiplied by Bandwidth at 3 db 
(a) One stage 


G Aw = gm/C (7) 
(b) n stages 
— 0.835 gm 
G Aw = —— = (approx.) 8 
View % 


B. Double-tuned Stage (Fig. 6). 


The following formulas hold when Z;C) = LeC2; Q; = Qe; K = coefficient of coupling; 
K, = critical coupling coefficient. 


1. When K S K,, then, for each stage, 


Resonant frequency toms 


(@) Bandwidth to signal 1 db greater than resonance Fy Hl (9) 
Bandwidth to signal 20 db above resonance Wa 
ees 
©) Bandwidth to signal 6 db above resonance We BOE c®) 
2. Selectivity, S 
(a) KEE 
ge Signal at f (or f — fo) zs 1 
€ Signal at fo A 
2 
A 1+ (K2/Ke u . (11) 
NE + (K2/K2) — 4Q? (4) | + 16Q? (4) 
fo fo 
(See Section 6, article 5.) 
(0) K=K. 
s= eet ee 6.2 (12) 
W(f-f\' A 
1 + 4Q4 | —— 
fo 
3. Gain per Stage, G 
(a) IG ERIK 
K/K.- 
Be CATR AES 
(b) I 2 IK 
G = 1/2gmQX (14) 


4, Stage Gain Multiplied by Overall Bandwidth 
(a) One stage 
G Ko = 0.707 8@ + where C is the actual tuning C and is 1/2 of total C (15) 


(approx.) 
(b) n stages 
rut. ie 0.643 
re) ene ats me (0.707 so). = (16) 
l.1ly/n Cc Jn C 


13. WIDE-BAND I-F AMPLIFIERS 


The amplification of video signals such as are used in television and pulse communica- 
tions requires band widths wider than 200 ke. Hence techniques have been developed to 
design much wider band amplifiers of high overall gain. One special problem arising is 
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that much of their use is for visually displayed information where the phase distortion 
introduced by a rectangular-topped selectivity curve cannot be tolerated. For this rea- 
son, the edges of the selectivity curve must be somewhat rounded. 

ALTERNATIVE DESIGNS. Wide-band amplifiers may be designed using (1) synchro- 
nously tuned single-tuned circuits, (2) double-tuned circuits (loaded either on one or both 
sides, (3) stagger-tuned amplifiers, or (4) inverse-feedback amplifiers. Stagger-tuned 
amplifiers consist of 7 single-tuned circuits of poor skirt selectivity which are tuned to 
different frequencies so that the peak of one circuit tends to fill in a deficiency of the others. 
For instance a stagger-tuned pair consists of two single-tuned stages, one of which is 
peaked at a frequency higher than, the other lower than, the center frequency of the 
amplifier. In inverse-feedback amplifiers a fraction of the output of a single-tuned syn- 
chronous amplifier is fed back in degenerative phase to the input. More voltage, there- 
fore, is fed back at resonance than off-resonance. Consequently, the overall gain is reduced 
more at resonance than off, and the nose of the selectivity curve is rounded. 

FIGURE OF MERIT. The figure of merit of a wide-band amplifier is defined as 


Stage gain times overall bandwidth = G Aw 


where the band width Aw means the band width for gains 3 db below the peak. The 3-db 
bandwidth is chosen because it makes the mathematics easier, it approximates the noise 
bandwidth of the receiver, and so facilitates signal-noise comparisons. Furthermore, 
with the usual coupling circuits, the rise time of pulses is quite simply connected with it. 
Defining rise time as the time required for the response to the step function to increase 
from 10 to 90 per cent of its final value, then 
0.7 
Af 
Thus a 10-Me (3 db down) i-f amplifier would have a minimum pulse rise time of 0.07 us. 
(For a complete criterion of a pulse amplifier, percentage of pulse overshoot must also be 
considered.) 

For a single-stage single-tuned circuit the gain of an amplifier is (Z is the plate load 
impedance) 


Rise time = 


272 
&m @ &m 

is 1 Ba aN 
EmQe wc Aw CAw 


G = gmnZ = &m— 


so that 
CHUNG SS renKC (17) 


which is also eq. (7). The factor C represents the total capacitance in the plate circuit, 
including tube output and input capacitances and the capacitance of circuit components 
to ground. 

Since double-tuned circuits divide the total tube and circuit capacitance between two 
tuned circuits they use less capacitance per tuned circuit and have a higher figure of merit. 


For equal Q’s this is V2 gm/C, and for one side loaded it is 2gm/C. 
SYNCHRONOUS SINGLE-TUNED CIRCUITS.* The sim- 
Table 5. Overall  plicity and stability of an amplifier made up of single-tuned circuits 
Bandwidth of all tuned to resonance commend it to the designer, and most 2- to 
Sychronously 3-Mc-wide amplifiers are of this type. For really wide-band high- 
Tuned Amplifiers gain amplifiers the decrease in bandwidth arising from multipli- 
cation of the successive selectivity curves makes this type unsuitable. 


Bones 7% of Stage Table 5 shows the overall bandwidth of n-stage amplifiers in terms 
2 Bandwidth | of the stage bandwidth. It shows that a nine-stage synchronous 
; 64 single-tuned amplifier with an overall bandwidth of 4 Mc requires 
3 5] a single-stage bandwidth of 14.3 Me with its correspondingly low 
4 44 gain. It can be shown that the maximum overall bandwidth of syn- 
5 39 chronous single-tuned circuits occurs for a mean stage gain of 
6 = 
° 3 G@ = /e= 4.34 db 
z a DOUBLE-TUNED CIRCUITS. Double-tuned circuits have a 

theoretical advantage in the figure of merit. However, the large 


number of adjustments (three per stage) and the criticalness of 

some of them (interlocking effects) make design and maintenance most difficult. For this 
reason double-tuned circuits have been used very little. 

STAGGER-TUNED SINGLE-TUNED CIRCUITS. Wallman defines an exact stag- 

gered pair (or triple) of bandwidth Af and geometrically centered at fo as consisting of (a) 

two single-tuned circuits of dissipation factor d = 1/Q and frequencies afy and fo/a, and 


* The following three paragraphs were abstracted from a paper by H. Wallman, “Stagger-tuned i-f 
Amplifiers,” Rad. Lab. Report 524 NDRC Div. 14. 
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(for one triple) (6) one single-tuned circuit of dissipation factor 6 = Af/f centered at fo. 
d and @ are plotted as functions of 6 = Af/f in Figs. 7 and 8. (Note: The values of d and 
a for a pair are not the same as their value for a triple.) 

The stage gain times overall bandwidth of (a) a single-tuned stage, (b) an exact stag- 
gered pair, and (c) an exact staggered triple is 


G Aw = gm/C 


However, the same 3-db bandwidth Aw is obtained in the first case (a) for one tuned 
circuit; in the second case (b) for two tuned circuits, and (c) for three tuned circuits. 
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Fie. 7. Design Curves for an Exact Flat Staggered Pair 


The algebra in the analysis of these circuits is quite involved, but Wallman has reduced 
the design to charts. Given the tube type and the general layout, the gm is known and 
an estimate of C is made. This determines the product of single-stage gain and overall 
bandwidth, i.e., G Aw = gm/C of the pair or triple. 

The overall bandwidth of the amplifier can be obtained from the following approximate 
relations Boa 

Bandwidth of one pair (i.e., Aw) 


ibn Bandwidth of n pairs = 
Vln 

Bandwidth of triple (i.e., Aw, 

2. Bandwidth of n triples = ee ae EN) 


1.06 ¥/n 
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1.8 Ae 


Exact value of @ 


1+.4336 
1.4 |__Asymptotic value 


of @ for small 


13 values of 6 


Asymptotic value | 
of d for small 
0.5 values of 6 


Exact value of d 


0.4 
0.3 


0.2 


0.1 


O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 
b-AIfy 


Fie. 8. Design Curves for an Exact Staggered Triple 


Conversely, the overall bandwidth and overall gain being known, the number of stages as 
well as the required unit performance can be determined. 


Example. A nine-stage amplifier having a gain of 108 db centered on 30 Me is wanted. 6AC7’s 
having a gm of 0.0085 ampere/volt and a total capacitance of 25.5 uuf are to be used. 


Nine stages divide conveniently into three triples. 
The stage gain is 108/9 = 12 db, that is, a voltage gain of 4 times. 


= fe, OOO a A 
G ko = 8 = ———— x 10!? = 332 x 10 
G6 S55 
6 
Tp SLES UE Ree 
4X 20r 


Each triple has a bandwidth of 13.8 Mc. The three triples that make up the amplifier have an 
overall bandwidth of rae 


1.064/3 
Constants making up each triple are found from Fig. 8 as follows: 


Overall bandwidth = = 10.55 Mc 


; = 0.215 and a= 1.21; Q = 4.65 
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The amplifier, therefore, is made up of three triples, each of which consists of: 


1. One circuit tuned to 30 X 1.21 = 36.3 Mc and having a Q of 4.65. 
2. One circuit tuned to 30/1.21 = 24.8 Mc and having a Q of 4.65. 
3. One circuit tuned to 30 Mc and having a Q of 1/0.443 = 2.26. 


Since Q = wCR (R in this case is the equivalent resistance across the tuned circuit), then 


spite a8 __ = 790w for the 36.3-Me circuit 
wC 2x X 36.3 X 10° X 25.5 xX 10° 
4.65 ed 
R= —. = 1150w for the 24.8-Mc circuit 
Qa X 24.8 X 10° X 25.5 X 1072 
R ts = 470w for the 30-Me circuit 


~ On X 30 X 10° X 25.5 X 10-2 


The amplifier is shown in Fig. 9. Actually the physical values of the shunting resistors are higher 
than calculated because of the effect of tube loading and of the finite Q of the coils which effectively 
shunt the physical resistor to the calculated value. The final value of these resistors must be deter- 
mined experimentally. 

The bandwidth of each stage of the triple is determined from the relation 


Sm 


G Aw = 


EmR Bo = & 


| 


Af = 


2xRC 


so that the results for each triple can be tabulated as follows: 


Shunt 
Resistance, ohms 


fo, Me Q Af, Me 


(1) 36.3 4.65 7.9 790 
(2) 24.8 4.65 5.4 1150 
(3) 30.0 2.26 1353 470 


ae gives tables which extend the design to quadruples, and so forth, called 
n-upples. 

_ TYPICAL INVERSE FEEDBACK I-F AMPLIFIER CIRCUITS. Typical feedback 
circuits are shown in Figs. 10a, 10b, and 10c. These are drawn without regard to d-c po- 
tentials. Thus the grids must be protected from the plate voltages by blocking condensers 
or, preferably, transformers having unity coupling. 

The feedback chain of Fig. 10a is of little use, despite its high gain times bandwidth 
factor, because its gain cannot be controlled. Figures 10b and 10c show respectively a 


Fia. 10a. Ideal Inverse Feedback Chain 


typical feedback pair and feedback triple. In each case the voltage which controls the 
gain is applied to the first tube. 

A complete i-f amplifier using 6AK5’s and inverse feedback is shown in Fig. 11. 

This amplifier consists of two triples made up respectively of tubes V-301, V-302, V-303, 
and V-304, V-305, V-306. Gain control is applied to V-301 and V-304. This amplifier 
is centered on 60 Mc and has an overall gain of approximately 90 db and a bandwidth at 
3 db of approximately 10 Me. 

The design of feedback amplifiers is not as readily computed as that of stagger-tuned 
amplifiers and therefore is based to a greater extent on test and experience. 

For an excellent study of feedback amplifiers see reference 9, 10, 11, 13, and 14. 
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STAGGER-TUNED AMPLIFIERS VS. INVERSE FEEDBACK AMPLIFIERS. The 
choice between a stagger-tuned and an inverse-feedback amplifier depends largely on the 
circumstances surrounding its use. There is no fixed answer as to which is best for all 
conditions. The differences are outlined below. 

Figure of Merit. Both these types of amplifiers have been shown to have a much 
higher figure of merit than the synchronous single-tuned circuit type. Theoretically the 
inverse-feedback amplifier can have a higher one than the stagger-tuned, but it is difficult 
to achieve this in practice, so that they may be assumed equal. 

Gain Control. Gain adjustment may be desired (1) to change the output, (2) to change 
the gain with time (gain time control, gte in radar applications), (3) to reduce interfer- 
ence, (4) for automatic gain stabilization (ags), (5) for automatic gain control (ave). 

A stagger-tuned amplifier’s bandwidth being practically independent of the tube’s 
£m, gain control can be applied to any tube. 

An inverse-feedback amplifier can use for gain control only those tubes which are not 
in the feedback chain. Otherwise, the bandwidth will change with gain. 

Gain Variation with gm. The gain varies more slowly with gm in a feedback amplifier 


(approximately as mn”) than in others (linearly with g,,). This means that the gain of 
amplifiers not equipped with automatic gain stabilization (ags) will be less susceptible to 
voltage change, tube ageing, and tube replacement if of the feedback type. 

Effect of Replacement Tubes on Bandwidth. In a feedback amplifier, the resonant 
frequency, and therefore the overall bandwidth, is less affected by replacement tubes of 
differing capacitance. However, the bandwidth is more affected by tubes of differing gm. 

Resonant Frequency. An inverse-feedback amplifier has all its circuits tuned to the 
center frequency of the pass band. 

Independence of Tuning. In a stagger-tuned amplifier the tuning of one stage is in- 
dependent of the tuning of the other stage. 
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CON A oO RP W NE 


MODULATORS 


By J. E. Young 


Modulation is the process whereby the amplitude, or other characteristic, of a wave is 
varied as a function of the instantaneous value of another wave. The first wave, which is 
usually a single-frequency wave, is called the ‘‘carrier wave’’; the second is called the 
‘‘modulating wave.” 

The carrier frequency is the frequency of the carrier wave. 

Sidebands are the frequency bands on each side of the carrier frequency within which 
fall the frequencies of the waves produced by the process of modulation. In amplitude 
modulation, the width of a transmitted sideband is usually no greater than the band- 
width of the modulating wave. The bandwidth of a frequency-modulated signal is de- 
termined by both the modulating frequency and the frequency swing employed. 
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Percentage modulation (amplitude modulation) is the ratio of the difference between 
the maximum current (Jm) when a signal is impressed and the maximum unmodulated 
current (J;) to this maximum unmodulated current, expressed in percentage, or M = 
100Um — Is)/Is. For less than 100 per cent modulation this may optionally be expressed 
as the ratio of half the difference between the maximum and minimum amplitudes of a 
modulated wave to the average amplitude, expressed in percentage. 

Percentage modulation (frequency modulation) is the ratio of the frequency swing when 
a signal is impressed, to an arbitrary frequency swing which is defined as 100 per cent 
modulation, expressed in percentage. The frequency swing defined as 100 per cent modu- 
lation is different for various services. For f-m broadcasting, for example, 75 ke is used. 


14. TYPES OF MODULATION 


A single-frequency current wave can be expressed as 
t= A sin (wt + 0) (1) 


where A is the amplitude, w/2m the frequency (when constant), and @ the relative phase. 
If any of the three independent magnitudes, A, w, or 0, is slowly varied (slow in com- 
parison to w/27) the wave is said to be modulated. The three cases are called ampli- 
tude, frequency, and phase modulation, respectively. 
If w and @ are held constant but A is varied sinusoidally, so that A = Ao(1 + msin at), 
eq. (1) becomes 
4 = Ao(1 + m sin wt) sin (wt + 6) (2) 


which, when expanded trigonometrically, gives 
A 
i = Ao sin (wt + 6) + 5 {sin [(w + wt + 8] + sin [(@ — wt + 6]} (3) 


The quantities in the bracket of the second term on the right represent sum and difference 
frequencies of the two original frequencies. They are the sidebands. Comparison of 
these two equations shows that a wave of a single frequency and periodically varying 
amplitude is mathematically equivalent to a wave of constant amplitude and frequency 
and a pair of sidebands. 

Roder has shown (Proc. I.R.E., Vol. 19, 2145 [1931]) that, if A and @ are constant but 
w = wo(l + ky cos pt), the current is (let wot = wt + 6) 


t = Agsin wot + Ji(my)[sin (wo + w)t — sin (wo — p)E] 
—Jo(my)[sin (wo + 2u)t — sin (wo — 2y)#] 
+ J3(my)[sin (wo + 3u)t — sin (wo — 3yu)t (4) 


where my = kyw/p so that my is the ratio between the maximum frequency shift and the 
audio frequency; also J,(m) means the Bessel function (see Section 1, article 14) of the 
first kind and nth order for the argument m. In this expression there are theoretically an 
infinite number of sidebands, although the amplitude of all those of higher order than the 
first is usually negligible. 

If A and w are constant but 9 = 60(1 + Ky sin pt), Roder gives the current as identical 
in form with eq. (4) except that m = Kp. Here, again, there are theoretically an infinite 
number of sidebands, but only those of the first order are of importance or of appreciable 
amplitude. 

Except for some very early and ineffective attempts to use frequency or phase modula- 
tion, amplitude modulation was used exclusively for communication and broadcasting up 
to 1936. Exploration into the higher radio frequencies and the adaptation of these fre- 
quencies to wide use for numerous services has brought frequency- and phase-modulation 
techniques into great importance, since the wider frequency bands required, if they are to 
be used effectively, become available as the usable frequency spectrum is extended into 
the hundreds and thousands of megacycles. 

AMPLITUDE MODULATION. Since the e? term of the power series of development 
for current in a non-linear circuit gives rise to the term sin wt sin wt, characteristic of 
modulation, it follows that modulation occurs whenever any of the circwit parameters vary 
with instantaneous voltage (or current). In particular, if it is assumed that a single high- 
frequency voltage ep’ = EH,’ cos (wst + Os) is introduced in the plate circuit of a vacuum 


tube and a varying audio voltage eg = » Egy cos (wxt + 6%) is impressed on the grid, then, 
k 
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from Section 5, article 21, eq. (17), the terms having frequencies near that of w;/27 are 
_ Ecos (wet + 0’) rp Op yy MEsEe E (wst + wr + Bax) 


4 — 
ee fh 2 ep “Ges Zk" 2 (s+k) 


Beces (wst — wrt + Pst | (5) 


2! (s—k) 
where the phase angles are developed as illustrated there in eq. (22). This may optionally 


be written (assume the phase angles of 2(54%) and z(s—%) negligible as is usual in practical 
circuits). 


E; cos (wst + 05’) Orn wm MEK cos (wxt + | 
a lege 6 
Up 2! [1 Tp dep ») zn Ze! ( ) 
Then the percentage modulation is 
100r, Or 
M=-— pei Se eee en (7) 
2s pl x 2K max 


The expression in the bracket is simply the maximum value of the audiofrequency plate 
current. These currents are shown in Fig. 1. 


E;,cos(wz£+0}) 
ee 
A.- Signal Current 2h 


E,cos(wst+0)) 
ZS 
B.- Carrier Current 


One Component of 
the Second Term 
of Equation (5) 
C.- One Side Band 


Total of Equation (5) 
for Two Sine Wave. 
Voltages 


D.- Carrier and Both Side Bands 


The Second Term 
of Equation (5) 


E.- Side Bands without Carrier 


Equation (5) with 
One Part of the 
Second Term 
Eliminated 
F.- Carrier and One Side Band 


Fig. 1. Combination of Sine Wave Carrier and Signal Currents 


METHODS OF PRODUCING AMPLITUDE MODULATION. Systems of modula- 
tion may be divided into two classes: 

1. Systems in which the impedance of a r-f oscillator, amplifier, or combination of 
amplifiers is varied by the modulating wave. 

2. Systems employing a constant-impedance r-f oscillator, or amplifier, having a var- 
iable impedance in series with it in which the variation of the magnitude of the series 
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impedance is controlled by the modulating wave, thereby controlling the input to the r-f 
unit. 

The first method of modulation may be accomplished by varying the grid bias of the 
r-f oscillator or amplifier if a triode is used or, alternatively, varying the suppressor or 
screen-grid potential if multielectrode tubes are used. 

The second method depends for its operation on the introduction of the modulating 
emf in series with the plate power supply of the modulated oscillator or amplifier. Since 
appreciable amounts of power are required to accomplish modulation in this manner, 
auxiliary tubes are employed as modulators. 


15. GRID MODULATION 


The term grid modulation is commonly used to describe modulation systems of the first 
class mentioned above. Modulation is effected by varying the d-c grid bias voltage or 
suppressor grid voltage at an a-f rate, by connecting the modulating source, such as the 
output transformer of an audio-amplifier stage, between the bias source and the r-f stage. 
Since the grid input resistance is high, the audio amplifier need be capable of only a few 
watts output. The power required is still further reduced in some designs by the use of a 
tube in the r-f circuit which is capable of large plate currents without exceeding zero grid 
bias. In this case the a-f amplifier looks into a circuit of substantially infinite impedance. 
The operating bias for the r-f stage is determined as follows: The r-f tube is first biased 
to cutoff, with no r-f grid voltage. The r-f grid voltage is then increased until the knee of 
the saturation curve is reached. Then, with a constant r-f grid voltage, the d-c grid 
voltage is increased until the plate current is substantially zero. If e; is the d-c grid volt- 
age for maximum output, and e is the d-c grid voltage for zero output, the operating grid 
voltage should be (e2 + e)/2. The peak a-c voltage required from the audio stage to 
produce complete modulation is (e2 — e:)/2. Because of the relatively low efficiency 
obtained, grid modulation methods are generally applied only where the amount of mod- 
ulated power required is very small. Higher powers are sometimes obtained by following 
the grid modulated stage by r-f amplifiers. The outstanding advantages of grid modula- 
tion are its simplicity and cheapness, which make it attractive for small, light-weight appli- 
cations, such as portable or airborne. 

POWER AND EFFICIENCY OF GRID-BIAS-MODULATED AMPLIFIERS. The 
following discussion may be applied in determining peak power requirements, efficiency, 
driving power, etc., of class B r-f amplifiers as well as bias-modulated amplifiers, since 
the tubes operate under the same conditions in each case. The peak power output capa- 
bility of the tube must be four times the carrier power if complete modulation is to be 
obtained. This follows from the fact that the output current and voltage must be doubled 
on peaks of 100 per cent modulation. The efficiency is proportional to the percentage of 
modulation, and it is of the order of 20 to 33 per cent for normal carrier or unmodulated 
conditions. The ratio of driving power of the r-f exciter to carrier power of the modulated 
stage should not exceed 1 : 10, since the exciter must maintain a constant r-f voltage on 
the grid of the modulated tube. The following formulas show the current, voltage, power 
relations, and effect of the variation of the percentage of modulation. 

Let Wp = peak instantaneous power output; Wo = carrier output power; W4 = aver- 
age power output, 100 per cent modulation (used in determining heating effect); 7p- = peak 
plate current averaged over an r-f cycle, 100 per cent modulation; tpm = average plate 
current, unmodulated; fp = maximum instantaneous plate efficiency averaged over an 
r-f cycle, 100 per cent modulation; f, = average plate efficiency, carrier unmodulated; 
F = modulation factor = M/100; Wzpe = plate loss averaged over an audio cycle, 100 
per cent modulation; and Wzc = average plate loss, carrier unmodulated. 

Assume that d-c plate voltage remains constant, and that modulation is effected by 
variation of plate current and efficiency. Then: 


reVpe-1 (8) 


Wa = 1.5We (9) 
Ope = Dine (10) 
fp = fc-(1 + F) (11) 


Wipe = Wic (12) 
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16. PLATE MODULATION 


The earliest system of plate modulation, devised by Heising, was known as the constant- 
current system. See Fig. 2. It derived its name from the fact that variation of the 
power input to the r-f stage 


ies is obtained by using another 

tube or tubes as an ab- 

A.F. R.F. sorber. The current drawn 
Input A.F. Choke | \ Input from the supply source re- 
mains constant and shifts 

between the absorber and 
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Fig. 2. Heising Amplitude Modulation cause of the curvature in the 


extremes of the vacuum-tube 
characteristics when used as a modulator, the percentage of modulation, where the r-f 
stage and modulator are both supplied with the same plate potentials, is limited. To 
obtain complete modulation, the d-c voltage impressed on the radio stage is often reduced 
by a series resistor. The a-f voltage developed by the modulator is transferred, unatten- 
uated, by a suitable by-pass capacitor connected around the resistor. It is usually pos- 
sible to obtain complete modulation by reducing the r-f amplifier voltage to 60 or 70 per 
cent of the modulator volt- 
age. 

The high efficiency of 
plate-modulated class C am- 
plifiers has led to their ex- 
tensive use in high-power 
telephone transmitters. 
Modulator efficiency has 
been greatly improved by 
matching the modulator to 
the class C amplifier load by 
means of a coupling trans- 
former and by using pairs | {t8 == 


of modulator tubes in class 
Bcircuits. Radio-frequency | 
amplifiers following the 


modulated stage may be 
dispensed with entirely in 
this system, and power out- 
puts obtained which are 
limited only by the capabil- 
ities of the vacuum tubes 
used in the modulator and 
modulated amplifier, with 
high overall efficiency. For 
the calculation of such cir- 
cuits the reader is referred 
to p. 7-16. Transformer- 
coupled modulator circuits 
may be calculated by treat- 
ing the modulator as a ——— 
transformer-coupled a-f am-___ rectifier 

plifier terminated on the 

secondary side of the cou- — 

pling transformer by a load Fie. 3. Modulator-amplifier Coupling Circuits 
resistance equal to the mod- 

ulated amplifier d-c plate voltage divided by its plate current. It should be noted that, 
where transformer-coupled modulators are used, the current delivered by the power 
source is no longer constant. In fact, in the case of the pushpull modulator, the current 
required by the modulator is very largely second harmonic. Special attention must be paid 
to the filter design, since harmonic voltage developed across the power supply terminals 
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by the modulator current demand will be applied to the modulated amplifier and appear as 
distortion in the modulated envelope. Recommended coupling circuits are shown in Fig. 3. 

The modulated amplifier is operated class C; however, if distortion is to be minimized, 
special considerations are involved. It will be noted that the applied plate supply voltage 
to the class C stage has the wave shape of the modulating wave. It follows that, for 100 
per cent modulation, the voltage rises to twice the carrier level, and the plate current must 
likewise rise to twice its quiescent level. Adequate grid excitation must be provided to 
insure this increase in plate current. This is usually achieved by driving the modulated 
amplifier somewhat harder than is required to produce rated carrier power at maximum 
efficiency. In addition, grid leak bias is used, and since the grid current decreases as the 
plate voltage increases (and the plate robs the grid of some of its electrons) the grid bias 
falls, the amount of grid driving power falls, and, owing to the combination of decreased 
bias and driver regulation, the a-c grid driving voltage increases, thus producing a condi- 
tion favorable to a linear relation between modulating plate voltage and r-f output voltage. 

The rise in driving voltage required to minimize distortion is, to some extent, a function 
of the design of the tube. Some types of tubes require less increase in drive, as the plate 
voltage rises, than is obtained by the combination of grid leak bias and driver regulation. 
Lowest distortion will be obtained in these cases if a combination of fixed and grid leak 
bias is used. The desired combination may easily be obtained by by-passing part of the 
grid leak with a capacitor large enough to retain most of its charge over the lowest a-f 
cycle. 

Another method of obtaining the necessary variation in drive is to modulate the driver 
stage. It is usually not necessary, for optimum results, to use a depth of modulation 
greater than 30 or 40 per cent for this stage, when the modulated amplifier is modulated 
100 per cent. 

Tetrodes and pentodes may be used as modulated amplifiers. If low distortion is re- 
quired, it is necessary to modulate the screen-grid voltage. 

As in driver modulation, it is usually not necessary to modulate the screen voltage 
completely. The modulating voltage may be obtained from the plate circuit of the tube 
through a blocking capacitor and dropping resistor or, more conveniently, by a tertiary 
winding on the modulation transformer. 

Let F = modulation factor; Ey = maximum plate voltage averaged over an r-f cycle; 
Ec = d-c plate voltage; Wipe = watts output, complete modulation; Wxc = watts out- 
put, normal carrier; Wy = modulator output power; and We; = modulated amplifier 
input power. 

The following formulas show the current voltage relations in a plate-modulated amplifier: 


Ey = Ec(1 + F) (13) 

Wire = 1.5Wic (14) 
2Wau 

B= == 15 

Te — (15) 


The last equation assumes that the modulated amplifier matches the output impedance 
of the modulator either directly or through a transformer, since, owing to limitation of 
the plate swing of the modulator, incorrect matching may limit the modulation factor, 
even though the modulator is potentially capable of producing complete modulation. 


17. COMPARISON OF MODULATION SYSTEMS 


Any comparison of modulation systems develops into a comparison of means of getting 
a specified amount of modulated power into a load, or antenna, under specified conditions 
of operation, weight, portability, fidelity, etc. For light-weight, portable transmitters, 
grid modulation has some advantage, although it is not capable without feedback of high 
fidelity. For most other applications plate modulation is used either directly, in the last 
r-f amplifier, or in a stage followed by one or more r-f amplifiers. In the last case, such 
amplifiers are usually of the high-efficiency Doherty type. For transmitters operating in 
the standard broadcast band where a transmission is almost always over a single path, 
both the ‘‘high-level’’ system of modulation in the last r-f amplifier, and the ‘‘low-level” 
system using Doherty amplifiers, are satisfactory. However, where multipath transmis- 
sion exists, and incidental phase modulation may cause objectionable distortion, high- 
level modulation is generally preferred. 

FREQUENCY MODULATION. Equation (4), in Article 14 was shown to represent 
the modulated r-f current for either the frequency-modulated wave or the phase-modulated 
wave. It will be noted, however, that the frequency swing, in frequency modulation, 
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depends on the amplitude of the modulating signal but is independent of its frequency, 
whereas, in phase modulation, the resulting frequency swing is proportional to both the 
amplitude and the frequency of the modulating signal. It is possible, therefore, to con- 
vert from frequency modulation to phase modulation or vice versa by simply operating on 
the frequency-amplitude characteristic of the modulating signal. Frequency modulation 
is more generally used than phase modulation in broadcasting and communication sys- 
tems. However, because of the ready conversion from one system to the other, the basic 
modulator employed in the transmitter is sometimes a phase-modulated device, which 
by alteration of the modulating-signal frequency characteristic is converted to produce 
frequency modulation. The relation between phase shift, frequency swing, and modulat- 
ing signal frequency is given by: 


gu ke 
i) 
where 9 = phase shift in radians. 
Kyw = frequency swing in cycles per second. 
» = modulating-signal frequency in cycles per second. 


Methods of producing frequency and phase modulation are discussed more fully in 
Section 8. 
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DETECTORS 


By Vernon D. Landen 


Demodulation, or detection, is the process whereby a wave resulting from modulation 
is so operated upon that a wave is obtained having substantially the characteristics of 
the original modulating wave. 

Square-law detection is that form of detection which depends on the fact that e? of 
the power series for a non-linear circuit excited by a modulated wave contains the dif- 
ference frequency between the carrier and one of its sidebands, which is the original 
modulating frequency. 

Linear detection is that form of detection in which the output voltage under considera- 
tion is substantially proportional to the instantaneous peak carrier voltage throughout 
the useful range of the detecting device. 


18. SQUARE-LAW DETECTION 


Any device having a non-linear current-voltage characteristic will serve as a detector. 
Such devices include certain crystals and thermionic vacuum tubes. (See Figs. 1, 2, and 
3.) The applied modulated voltage is of the form given in eq. (5), p. 7-72, which, when 
squared, gives audio-frequency terms of the form 


= Tp Orp eee COS (wnt + $1) mi EEn cos (wnt + 2) 


Laer A dep Le euaye es 2! 52! (¢—n)2'n 
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There are two terms present of each original signal frequency, resulting from the beat- 
ing of two sidebands against the carrier. From this it is seen that there will not be detec- 
tion unless the carrier is present, but that the carrier and one sideband are sufficient. If 
regard is paid to differences of phase, terms of the same frequency may be added; the 
terms present and their phase angles are given in Table 1. 


Table 1. Square-law Detection 


Simplified Expression for the Audio-frequency Current resulting from Square-law Detection of a 
Carrier and Both Side Bands. Similar Terms Appear for each Pair of Audio Components. 


Phase Angle 
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With only one audio component present the per cent modulation is 200H,/H, = M. 
Hence the per cent second harmonic present, in terms of the fundamental, is M/4. For 
large per cent modulation this system is therefore not satisfactory. When more than 
one signal frequency is present as modulation on the carrier wave, extraneous frequencies 
are produced corresponding to the sum and difference frequencies of all the signal com- 
ponents taken in pairs. 

The square-law detector is now largely used only for detection of carriers having small 
percentage modulation and for the reception of single sideband signals. It is the only 
form which will work with these latter. In detecting single sideband and carrier, second 
harmonics of the audio components are not produced, but frequencies corresponding to 
the sums and differences between the frequencies of the components of the original signal 
are present. 

SQUARE-LAW DETECTOR CIRCUITS. Any non-linear circuit excited by a voltage 
small enough so that the static characteristic over the region used is closely a parabola is 
satisfactory as a square-law detector. When the vacuum tube is used, detection may 


Fic. 4. Plate Current Detector, Resistance Coupled to Succeeding Amplifier Tube 


occur either in the grid or plate circuits. Figure 4 shows a circuit which is biased practi- 
cally to plate-current cutoff so that detection takes place owing to the curved mutual 
characteristic. 
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The voltage at any frequency k impressed on the amplifier tube is 


AKprp2K Orp 
Erg = vie ee, (2) 
For high detected voltage the external plate impedance at the carrier frequency (zs) should 
be small, but that at the signal frequencies (z,) should be large. The high audio impedance 
is shunted by C; to achieve this result. 

Figure 5 shows a circuit in which detection occurs in the grid. The grid and cathode 
elements act as a diode detector. The a-f currents, resulting from demodulation, produce 
an a-f voltage across the grid leak and so between grid and cathode. This voltage controls 
the electron stream so the tube also acts as an amplifier. A high audio impedance and 
low radio impedance are necessary so that the grid leak is shunted by a small condenser. 


Fie. 5. Grid Current Detector (D), Transformer Coupled to Preceding Tube (A) 


This type of detector broadens the tuning of the preceding tuned circuit (owing to the low 
impedance of the grid when positive), and overloads badly on strong signals, owing to the 
r-f and d-c components of the plate current. It is very sensitive, however. 


19. LINEAR DETECTION 


When very large signals are applied across non-linear circuits the power series con- 
vergence based on the static characteristics is so slow that the method is not useful. The 
equation for the modulated wave can optionally be written in the form (see eq. 6, p. 7-72): 


e= B,| 4 = 2 1 Z¥ cos (oxt + 0x) | cos (wet + Os) (3) 


which represents a voltage, of fixed frequency, whose amplitude is slowly varying about a 
mean value #;. The sum (2) within the brackets will represent a voltage of the same 
wave shape as the original modulating voltage, provided the modulation and transmission 
have been distortionless. The instantaneous peak voltage of the carrier current is 


im = Be [1-2 F¥ cos (oxt + Ox) | (4) 
K s 


Rectification diagrams of the detecting device are obtained by plotting the total direct 
current in the detector circuit against various steady values of rms (or peak) carrier voltage. 
(See Fig. 6.) Then when #,, is varied (in accordance with the signal voltage) this current 
varies; this detected current is equivalent to a steady direct cutrent, whose value is de- 
termined by the value of direct current which flows when #, = H;, on which is superposed 
a varying current which will follow the variations in #» (and so in the signal voltage) more 
or less closely, depending on the linearity of the rectification diagram. Since the periodic- 
ity (ws) of the carrier voltage is not of importance except in fixing the circuit impedances, 
the rectification diagrams can be obtained by using any convenient frequency, such as 
60 cycles, rather than an actual carrier frequency, provided the circuit impedances are 
made equal in the two cases. 
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It will be noticed from the rectification diagrams shown in Figs. 7-12 that the incre- 
ment in direct current due to a varying grid voltage varies approximately as the square of 


the maximum value of this voltage when Hm is small (as required by the power series 
expansion), but that, as #,, increases, the 


d-c response varies linearly with Em. 
When it does so the distortion introduced 
in detection will be small. 

As an illustration, consider the plate- 
current detector shown in Fig. 4. Currents 
of radio frequency are by-passed by Cs; 
hence the only current which flows through 
r when Em is steady is a direct current. 
If the value of this current were varied in 
accordance with the signal voltage, the 
varying voltage impressed on the grid of 
the succeeding amplifier tube would be 
simply the signal voltage. If the variation 
es ; of direct current against H,, were given by 
ee eg ganesh eho a tt: (Rectifica- the curve of Fig. 6 and the average value 

of Em were equal to OA, then the varia- 
tion of current would be exactly proportional to the signal voltage, even for 100 per cent 
modulation, provided Em <OB. This means that there would be no distortion introduced 
by the detector. 

Although no device available at present has exactly the characteristic of Fig. 6, certain 
crystals approximate it, and the vacuum tube can be made to approach it by a proper 


Ip-Direct Current 


Rectified Microamperes 


Ene 


Fie. 7. Rectification Diagram for Diode Detector 


D-c Volts Bias on Diode 


choice of operating conditions and load. Figure 7 shows a set of curves for a diode from 
which rectification diagrams for any load resistance can be obtained; the diagram for 
500,000-ohm load is shown in Fig. 8, which could also have been obtained experimentally, 
A diode gives the nearest approach to linear detection of any known detector. 
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When the characteristic is not a straight line, a Taylor’s series expansion can be used 
in terms of é@pa and the change (e€m) in Em: 


k Op Olpmre Pip On Onale 

pa = Cpa Dep + €m ee 3 {ée? dey? + 2€palm Desden aE em 55 ap (5) 
where tpa is the current due to the variations €pq and ém, tp is the plate-current ordinate of 
the rectification diagram, and épa is the 
plate potential due to ing and em. The 
reciprocal of 0%p/dep is the analog of the 
plate resistance used in Section 5, and 
has been named the detection plate resist- 
ance. The derivative 01,/dem is the slope 
of the rectification curve—it is analogous 
to the mutual conductance of a triode and 
is called the detection mutual conductance 
or the transrecttfication factor. 

All the calculations given for class A 
amplifiers now may be utilized in the 
detector circuit, including calculations of 
distortion, detection efficiency, etc. 

LINEAR DETECTORS. As stated 
above, the diode gives the nearest ap- 
proach to linear detection known today. 
It has the objection of putting a fairly 
small resistance in parallel with a tuned 
circuit and so considerably broadening 
the tuning. When a diode is used the 
applied r-f voltage should be made as high 
as the tube can stand and a load resistance 
selected to give minimum distortion. 


Microamperes D-c 


The triode is not as distortionless as 0 5 10 5 30 25 30 
the diode but sometimes fits in better RMS Signal Input Voltage 
with the circuit requirements. Rectifica- 


: i . , Fie. 8. Load_ Rectificati Di f Diod 
tion diagrams of a triode alone and with = Using 500,000-ohm Toad ener 


load are given in Figs. 9 and 10. In gen- 
eral, the plate voltage should be as high as possible, limited only by the supply available 
or the limits of the tube itself (flashover or heating). 

When the plate voltage has been determined, rectification diagrams of the tube alone at 
various grid biases are obtained. If it is desirable, as is usual, to use the tube with carrier 
voltages which are 100 per cent modulated, the plate current should not reduce to zero for 
any finite value of HZ, or part of the modulation will produce no effect. In other words, 
the tube should not be biased below cutoff. The best results will be obtained if the tube 
is biased at, or slightly above, cutoff (on 
the static characteristic); this condition 
will be indicated on the rectification dia- 
gram by asmall plate current for ZH» = 0. 
For the tube of Fig. 9 the grid voltage is 
thus determined as either —1.5 or —3.0 
volts. 

To determine the proper load resist- 
ance, rectification diagrams of the tube 
with different loads (see Fig. 10) are ob- 
tained. If #,, is varied over a straight 
portion of one of these curves, distortion- 
ose ie 1S free detection will result; if the variation 
Em (R.M.S.) in Volts is over a curved portion the distortion may 


Fic. 9. Rectification. Diagrams of Triode (Alone) be calculated as for an amplifier. (See 

0 De catlo: * 

Ail data Beare taken with 60-cycle impressed voltage. D+ 7-07.) For the tube used here a load 
impedance of 30,000 ohms would cause 


the tube to introduce a very low percentage of distortion for a carrier having an average 
rms value of 6.25 volts, and 100 per cent modulated. The difference between curves C 
and £ illustrates the gain in efficiency, but increased distortion, obtained by by-passing 
the load resistance. 

When the triode is used as a detector with large signal voltages of high percentage of 
modulation, operation with minimum distortion is always accompanied by a positive grid 
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swing and so a flow of grid current. This causes a low input impedance and so decreases 
the selectivity of the tuned circuit just preceding the detector. 

The use of a tetrode (see Fig. 11) makes it possible to obtain rectification diagrams 
which reach saturation for negative values of control grid voltage, so giving straighter 
operating curves without lowering the input impedance of the tube. The same method of 
analysis is followed, the only additional factor being the proper voltage to use for the 
screen grid. The method employed in se- 
lecting the screen-grid voltage depends to a 
large extent upon the type of plate load. 
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Fie. 10. Load Rectification Diagrams of Triode. 

For all curves but # the load was shunted by a 

2 wf condenser. All data were taken with 60-cycle 
impressed voltage. 


In general, a higher screen-grid voltage gives 
a better rectification diagram (straighter 
and steeper). However, when there is a 
large d-c resistance in the plate circuit, the 
plate voltage falls considerably for large 
signal voltages, so that, if the screen-grid 
voltage is comparable with the plate volt- 
age, electrons will land on the screen grid 
rather than on the plate. 

When reactance coupling is used the 
screen-grid voltage should be the maximum 
consistent with the plate voltage. For this 
type of coupling the d-c resistance of the 
detector plate load is small enough so that 


large carrier voltages will not cause sufficient 
drop for the plate voltage to become comparable to the screen-grid voltage. Therefore, 
there is no necessity of keeping the screen voltage low to prevent saturation (on the 
rectification diagram), and the gain in mutual conductance with high screen voltage raises 
the sensitivity and maximum output as well as decreases the curvature of the rectification 
characteristic. 

When resistance coupling is used the selection of the optimum screen-grid voltage is 
somewhat more difficult. The problem is to select a value of screen-grid voltage that will 
give reasonable detector output at the normal values of input and yet not cause over- 
loading for the larger values of input voltage. Two rectification diagrams for different 
values of screen-grid voltage and a high resistance load are shown in Fig. 12. The curve for 
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Fie. 12. Load Rectification Diagrams of a 
Tetrode, Showing the Effect of Screen Grid 
Voltage on Saturation. (Resistance load.) 


7 
Em (R.M.S.) in Volts 


Fie. 11. Load Rectification of a Tetrode. All 
measurements were made at 60 cycles. 


Eco = 75 volts is better than that for Hc, = 40 volts for inputs up to a point A, but the 
tube overloads for voltages greater than A. It is thus necessary to know the maximum 
signal voltage which will be impressed on the detector, and the screen-grid voltage which 
will just not overload at that voltage should be chosen. 
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OSCILLATORS 


By Carl C. Chambers 


An oscillator is a non-rotating device for producing alternating current, the output 
requency of which is determined by the characteristics of the device. Oscillators can 
be conveniently divided into three classifications: (1) vacuum-tube oscillators, (2) elec- 
wromechanically controlled oscillators, and (3) spark-gap oscillators. 


20. VACUUM-TUBE OSCILLATORS 


The most generally used oscillator in the field of communication engineering is the 
vacuum-tube oscillator. Since a vacuum tube can act as an amplifier of power, it can 
act as an oscillator. The power needed in the grid circuit can be supplied by the plate 
circuit. A vacuum-tube oscillator circuit acts as a power converter, changing d-c power 
_into a-c power, having a frequency determined by the parameters of the circuit. The 
efficiency of vacuum-tube oscillators can be above 90 per cent, although for many 
purposes they operate at low efficiency. Vacuum tubes are constructed to dissipate as 
high as 125,000 watts, the power output of oscillators using such tubes being much 
greater. 

SIMPLE OSCILLATOR CIRCUITS. In ordinary vacuum-tube oscillators, power is 
fed into the grid circuit from the plate circuit by means of either electrostatic or electro- 
magnetic coupling between these circuits. When sufficient voltage of proper phase is 
introduced into the grid circuit, the a-c component of the plate current will persist, or, in 
other words, the circuit will oscillate. 

Many oscillator circuits have been devised, several of which are shown in Fig. 1. In 
each of these circuits, the oscillatory circuit is the mesh containing LZ and C. In the 
Hartley circuit, the inductance L is tapped (not necessarily at the center); in the Colpitts 
circuit, the capacitance C is the series capacitance of C,; and Cy.. The tuned-plate tuned- 
grid oscillator has two separate oscillatory circuits, one in the plate circuit and one in the 
grid circuit, both tuned to approximately the same frequency. In each of these oscillators 
the load is coupled to the oscillatory circuit. This coupling is usually but not always in- 
ductive coupling. 

The voltage introduced into the grid circuit due to the plate current, in (a) and (0d), is the 
drop across part of the oscillatory circuit. In (c), (e), and (f), it is the voltage across one 
winding of the transformer, one winding of which is the inductance, L, of the oscillatory 
circuit. And in (d) it is the voltage drop across the grid oscillatory circuit due to the 
current through it and the grid to plate capacitance. The peak value of this feedback 
voltage in each case must be great enough to cause oscillation to persist. For stable 
operation, it should be roughly two and one-half to three and one-half times the d-c grid 
voltage necessary to bias the tube to plate current cutoff at the operating d-c plate poten- 
tial. 

The capacitances, Cg, are by-pass condensers, and the inductances, Lg, are choke 
coils arranged to prevent the alternating current from passing through the d-c supply 
source, Hz, or through the biasing resistor or grid leak, rg. The grid voltage in most 
oscillators goes positive for part of the cycle. Thus the grid bias voltage is conveniently 
obtained by means of a grid leak and condenser. This method of biasing the oscillator 
tube tends to self-adjust the grid bias to permit operation over a wide range of values of 
the feedback voltage, since with greater excitation the grid tends to go more positive and 
consequently the grid bias becomes greater, resulting in essentially the same plate-current 
flow. Some oscillators have a comparatively small external grid bias (or self-bias by 
means of a cathode resistor) in addition to the grid leak. This externally supplied bias 
is a safety device to prevent too much plate current from flowing if the oscillations should 
cease for any reason. , 

NON-LINEAR THEORY OF OSCILLATIONS. The complete solution of even the 
simplest oscillator circuits is extremely complex. However, van der Pol, by means of very 
radical assumptions, has obtained the solution of several oscillator circuits. One of these 
solutions is for the circuit shown in Fig. 1f. The following assumptions are made con- 
cerning the circuit: (1) that the grid bias voltage is obtained by means of an external 
electromotive force; (2) that no current flows in the grid circuit; (3) that the capacitances 
Cz are so large that their a-c impedance is zero; and (4) that uw, the amplification factor, 
is constant. These approximations make the solution useful only from a qualitative stand- 


point. 
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The necessary condition for oscillation to persist is found to be that a, the damping 
constant of the circuit taken as a whole, is negative. To a rough approximation the ampli- 
tude of the oscillation is proportional to the square root of the ratio of a to the coefficient 
of the cube term in the power series expansion of the characteristic of the vacuum tube. 

The wave form of the oscillation is dependent upon e, the product of a and LC. The 
solutions of the circuit for several values of € as calculated on the differential analyzer at 


(a) (0) 


g by 
J 
L 
C a Es E L 
| | | | Te | i 
Ce = Cz C, Cy 
(e) (f) 


Fig. 1. Conventional Oscillator Circuits 


the Moore School of Electrical Engineering are shown in Fig. 2. For small values of e, 


1 
Sass For 
2nV LC 
large values of ¢, the oscillations depart radically from sine waves. This form of oscillation 
has been called relaxation oscillation. It occurs in the multivibrator, the human heart, the 
hydraulic ram, etc. Van der Pol gives the period for e > 1 as roughly equal to 2e. 

CONDITIONS FOR SELF-OSCILLATION. For small amplitudes of oscillation, the 
non-linear resistances of the plate and grid circuits can be approximated by linear resist- 
ances. The condition for these small oscillations to build up is that the damping constant 
is negative. This is the condition for unstable systems in transient circuit theory. How- 
ever, as the oscillations increase in amplitude, the linear circuit theory fails. 

Llewellyn has shown that, under steady-state operation for any frequency component 
of the current, a non-linear resistance can be replaced by an equivalent impedance which 
can usually be roughly approximated by a pure resistance. When the circuit oscillates 
normally, the fundamental frequency of oscillation has a constant amplitude so that the 


the oscillations are essentially sinusoidal, the frequency being given by 
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plate to filament circuit in the tube can be replaced by such an effective resistance. In 
order for steady-state currents of a given frequency to flow in a circuit containing no emf 
of that frequency, the determinant of the coefficients of the currents in the mesh equations 
must be zero. An oscillator must satisfy such a condition. The approximate resulting 
conditions are noted for most of the circuits in Fig. 1. The value of the effective plate 
resistance, 7, ,for any amplitude is given approximately by the inverse slope of the secant 
joining the limiting points of operation on the plate characteristic of the tube. By the 
reverse calculation the magnitude of oscillation for any given circuit can be predicted. 
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Fie. 2. Solutions of van der Pol’s Equation for the Non-linear Theory of Oscillations: 
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CURRENT AND VOLTAGE RELATIONS IN SIMPLE OSCILLATOR CIRCUITS, 
As stated at the beginning of this chapter, the vacuum-tube oscillator is simply an ampli- 
fier arranged so that the power needed in the grid circuit is supplied by the plate circuit. 
Ordinarily, the amplifier so arranged belongs to that group known as class C amplifiers. 

The current and voltage relations of a typical oscillator are shown in Fig. 3 for one 
complete cycle. The plate current flows during the portion of the cycle when the instan- 
taneous plate voltage is least so that, since the energy dissipated at the plate of the vac- 
uum tube is the integral of the instantaneous plate voltage times the instantaneous plate 
current, the tube plate loss is least when the current flows for as small a portion of the cycle 
as possible. When plate current flows, the grid voltage is positive with respect to the grid 
bias necessary for plate-current cutoff. Thus the duration of plate current decreases and 
consequently the plate efficiency increases with simultaneous increases in the grid bias 
and the a-c grid voltage. However, increasing the grid voltages in this way increases the 
losses in the grid circuit. The a-c grid voltage usually has a peak value of two and one- 
half to three and one-half times the grid bias necessary for plate current cutoff at the d-c 
plate voltage. 

Since plate current flows only during minimum instantaneous plate voltage, the mini- 
mum plate voltage is of major importance. The impedance of. the oscillatory circuit at 
resonance is adjusted so that, for the normal power output, the peak a-c voltage across it 
is slightly smaller than the applied d-c plate voltage. Therefore, the plate voltage causing 
current to flow is small compared with the d-c plate voltage, since it is essentially the d-c 
plate voltage mipus the peak a-c voltage across the oscillatory circuit. Thus the a-c and 
d-c voltages remain practically equal as the d-c voltage is varied. It is this equality 
between the d-c and a-c voltages that makes the plate modulation of oscillators and class 
C amplifiers so nearly linear. 

In ordinary triodes, the maximum plate current flows for a positive value of the grid 
voltage somewhat less than the minimum instantaneous plate voltage. In most oscillators 
at full load, the relation between the plate voltage and the grid voltage is such that the 
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maximum instantaneous grid voltage and the minimum instantaneous plate voltage are 
respectively slightly greater and less than voltages satisfying the condition of maximum 
Re thane: is obtained by means of a grid leak and condenser, the a-c voltage intro- 
duced into the grid circuit has only a negligible effect on the maximum positive grid 
voltage, this being controlled by the magnitude of the resistance of the grid leak. The 
value of the grid leak is best determined by trial and error until the peak positive grid 
voltage is about 0.8 of the minimum instantaneous plate voltage. In small oscillators 
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Fre. 3. Current and Voltage Relations of a Representative Oscillator 


where efficiency is not vital the value of the grid leak can vary over wide limits; a value 
anywhere from a few thousand ohms to a megohm may be determined by trial and error 
until the oscillator operates satisfactorily. 

Sometimes when the time constant of the grid leak and condenser is high and when 
the ratio of the a-c plate voltage to the a-c grid voltage is low, ‘“‘blocking”’ will take place. 
Blocking is a relaxation oscillation and is due to the grid being at a higher potential than 
the plate so that the secondary emission from the grid causes the grid leak and condenser 
to develop a high bias which stops the oscillation until the charge leaks off the condenser, 
at which time oscillations again start and the cycle repeats itself. It can be corrected by 
increasing the ratio of the a-c plate voltage to the a-c grid voltage. 

OSCILLATORY CIRCUIT DESIGN. The heart of any sinusoidal oscillator is the 
oscillatory circuit consisting of an inductance and a capacitance connected in series. 
Energy is supplied to this circuit from a d-c source by means of a vacuum tube, and 
energy is taken away from it by coupling the load to it in one of various ways. The 
circuit performs a function similar to that of the flywheel on a reciprocating steam engine. 
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The oscillatory circuit must store the energy used by the load long enough so that it can 
supply the load continuously even though it receives energy only during a small portion 
of the cycle. It has been found empirically that in order to do this job effectively, 1.e., 
to give a good wave form, the ratio of the peak energy stored per cycle must be at least 
twice the energy fed into the load per cycle. From ordinary circuit theory it is known 
that a load resistance paralleling a tuned circuit, or coupled to a tuned circuit, can be 
replaced approximately by a resistance in series with the tuned mesh. When this is done 
the ratio of the peak stored energy to the energy dissipated per cycle is 

V°Cf VI SL 

1 QrIr or ” 
where V is the rms voltage across the capacitance, C, and across the inductance, L; I is 
the rms current through the inductance and capacitance; r(= L/rzC, where rz is the 
shunting resistance load) is the effective series resistance of the circuit, assumed to be 
small compared with 27 times the frequency, f, times L. Thus if the ratio is to be greater 
than 2, 2rfL/r(= Q) must be greater than 47. This Q refers to the inductor together 
with the equivalent resistance due to the load. 

On the other hand, if the ratio L/r(= rrC = rz/47*f?L) is made too large the resonant 
resistance of the circuit will be too high to obtain a satisfactory power output. It is 
therefore necessary to compromise between power output and wave form. It is in gen- 
eral good practice to make the ratio of the stored power to the power output about 2, 
i.e., to make Q = 47. ZL and C are then given in terms of the power, the frequency, and 
the voltage (essentially the d-c plate voltage) as 


= Bx2Pf © 
_ 2P 5 
— Wf (3) 


These formulas are not meant to be critical. If good wave form is more important, use 
a value of P in these formulas greater than the actual power; if power output is more 
important use a value of P less than the actual power. This principle is frequently stated 
by saying that the wave form is improved by decreasing the L to C ratio of a tuned circuit. 
These circuit considerations apply equally well to the tuned circuit of a class C amplifier. 

CONSTANT-FREQUENCY OSCILLATORS. Using the equivalent impedance dis- 
cussed under Conditions for Self-oscillation, above, (a) and (6) of Fig. 1 are special cases 
of the equivalent circuit shown in Fig. 4. The ordinary mesh equations for this circuit are 


Ip(Z@p + 21 + 25) — Ti(@1 + 2m) + Igl@m + weg) = O (4a) 
— Ip(@i + 2m) + Ti(@i + 22 + 23 + 22m) — Ig(22 + 2m) = 0 (4b) 
Lp2m — I) (@2 + @m) + Ig(2g + 22 + 24) = 0 (4c) 


Most of these impedances are functions of the frequency. And, since the condition that 
any of these currents can be other than zero is that the determinant of the coefficients of 
the I’s is zero, the frequency of oscillation is the 
frequency which will make that determinant zero. 
Thus the frequency depends not only upon the 
parameters of the oscillatory circuit but also on the 
other parameters of the circuit. In order that the 
frequency shall remain constant, all these param- 
eters must in general remain constant. 

To keep the inductances, capacitances, and re- 
sistances external to the tube constant is a prob- 
lem in the design and temperature control of those 
parts. On the other hand, regardless of the de- 
sign, the effective impedance of the tube itself 
changes with use and supply voltages. Several 
methods have been devised to maintain essen- yig4 The Hquivalent Cirduitot Moet 
tially constant supply voltages, and seasoned tubes of the Circuits of Fig. 1 
tend to reduce the changes in the tubes themselves. 

However, by adjusting the other circuit parameters the dependence of the frequency on 
the tube impedances can be minimized. 

The most common method is simply to increase the sharpness of the oscillatory circuit, 
that is, decrease the decrement of the circuit. This is carried to the extreme by the use 
of mechanical resonators such as the quartz crystal and the magnetostriction rod. 
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Llewellyn has discovered that, by proper adjustment of the impedances Z, and Zs, it 
is possible in the limiting case of no harmonic currents in the tube to eliminate the depend- 
ence of the frequency of oscillation on the tube impedances. Although this limiting case 
is never reached, the use of these impedances tends to stabilize the frequency. In addi- 

tion it is sometimes possible to change the frequency by a 

simple change in the parameters of the oscillatory circuit 

without disrupting this independence of the frequency on the 

Co C, tube impedances. A circuit derived from the Colpitts cir- 

cuit for this purpose is shown in Fig. 5, where Lg = L3C1/C2. 

Thus the frequency can be adjusted by changing C; and C2 

proportionally without changing the calculated value of Ls. 

THE HARMONIC CONTENT OF OSCILLATORS. 

L From the non-linear theory of oscillators (see article 20) it 

4 is known that an oscillator is stable only if it is non-linear. 

Fie 5. A. Constant, pe Thus an oscillator always produces harmonics in its output. 

a Ocinne Oscillator ‘The percentage of the harmonics becomes small when € be- 

comes small, that is, when the feedback from the plate 

circuit to the grid circuit is small. A circuit applicable at low frequencies in which the 

feedback can be controlled is shown in Fig. 6. The variable resistance r controls the 

amount of feedback. This circuit not only has a controlled harmonic content, but it also 

is very stable with frequency. It is excellent for a laboratory oscillator where r can always 
be adjusted to compensate for changes in the tube characteristic. 

In large oscillators and class C amplifiers a series tuned circuit is sometimes connected 
in series with the plate circuit to offer a high impedance to the harmonics. Such a tuned 
circuit, in addition to decreasing the harmonic content to a marked extent, increases the 
efficiency. 

SEPARATELY EXCITED OSCILLATORS. Separately excited oscillators are a special 
group of class C amplifiers. The voltage and current relations of the true oscillator are 
essentially those of a properly operated class C amplifier. If, however, the frequency of 
the exciting voltage differs from that at which the tube would oscillate, the plate-current 
wave form is not symmetrical about the zero ordinate shown in Fig. 3. Increasing the 
dissymmetry of this wave by varying the capacitance of the oscillatory circuit increases 
the average or d-c current. Thus the frequency of the oscillatory circuit is adjusted in 
this type of class C amplifiers until the d-c current is a minimum. 

Most of the theory and empirical relations given for oscillators can be applied to class C 
amplifiers. 

SYNCHRONIZATION OF OSCILLATORS. When two oscillators oscillating at 
neighboring frequencies are loosely coupled together, they mutually distort the voltage 
drop across their oscillatory circuits. This distortion in turn distorts the current and 
voltage relations discussed above. This distortion causes a magnified distortion of the 
plate current since even a small per cent change in the oscillatory circuit voltage has a 
great effect on the minimum plate voltage. This change 
in plate current causes an additional change in the voltage 
by affecting the oscillatory circuit drop directly and indi- Cy 
rectly through the change in grid excitation. Thus the volt- 
age due to the one oscillator causes a magnified change in 
the other oscillator. This distortion tends to shift the © L ts 
phase of the plate voltage with respect to the grid voltage. 
When this phase shift exceeds the limit allowable for 
stable oscillation, the oscillator jumps into oscillation at 
the frequency of the other oscillator. 

The vulnerability of an oscillator to synchronization increases with the LZ to C ratio 
of the oscillatory circuit. Thus, when two oscillators are to oscillate independently even 
though there is a coupling between them, the L to C ratio should be made as small as is 
consistent with stable oscillation. 

In order for one oscillator to oscillate at the frequency of a master oscillator without 
changing the frequency of the master oscillator, it is necessary that the coupling between 
the oscillators be unidirectional. That is, the reaction of the secondary oscillator on the 
master oscillator must be negligible. Such coupling can be obtained by means of the 
ordinary amplifier. Using several such amplifiers, each fed by the master oscillator, the 
frequency of several oscillators can be controlled by the frequency of the master oscilla- 
tor. 

An oscillator can be synchronized at a subharmonic of an introduced voltage. The 
tendency to synchronize with a subharmonic of the introduced voltage is not as great as 
at the fundamental, and oscillations so obtained are relatively unstable. 
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Fie. 6. An Oscillator for Low 
Harmonic Distortion 
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BEAT FREQUENCY OSCILLATORS. In order to satisfy the conditions for stable 
oscillation many of the circuit parameters must be changed when the frequency is changed 
over a relatively large range. For continuously variable frequency over a wide range, 
especially over the audio range, it is difficult to make the necessary changes in these 
parameters. For the same absolute change in frequency beginning at some high fre- 
quency, only one parameter, usually the capacitance, need be changed. If the outputs of 
two oscillators of relatively high frequency are introduced into a square-law detector, and 
if all the high frequencies are filtered out, only the difference frequency is left. Then as 
the frequency of one of these oscillators is varied from the frequency of the other to that 
frequency plus 10,000 cycles, the output of the detector varies in frequency from 0 to 
10,000 cycles. Such an arrangement is called a beat frequency oscillator and when prop- 
erly built is an excellent laboratory instrument. 

Care must be taken to insure that the intercoupling between the oscillators is so small 
that there is no tendency for them to synchronize, since this will introduce distortion in 
the output of the detector due to the distortion in the oscillators themselves. This can 
be prevented by mechanical or electromagnetic segregation and balanced bridge circuit 
feed to the detector, or by amplifiers between the oscillators and the detector. 

DYNATRON OSCILLATORS. If, in a vacuum tube, the grid voltage is made more 
positive than the plate voltage, some of the electrons which attain a high velocity between 
the cathode and the grid pass through the grid openings, their velocity carrying them on 
to the plate. These electrons may then knock electrons from the plate. This process is 
called secondary emission. In some cases secondary emission may exist to such an extent 
that an increase in plate voltage actually causes a decrease in 
plate current. Thus, when a tube is operated under these con- 
ditions, the a-c plate resistance is negative. A tube operat- 
ing in this way is called a dynatron. 

An oscillatory circuit connected across this negative resist- 
ance (Fig. 7) will oscillate provided the absolute value of the 
negative resistance is less than L/rC. Owing to the small 
range of plate voltage over which the resistance is negative, 
these oscillators have not been made to give very large power. 

OSCILLATORS AT HIGH FREQUENCIES. At high frequencies, of the order of 50 
Me, in the case of ordinary receiver tubes, where the time of transit of the electrons 
between the tube electrodes becomes an appreciable part of the period of the wave, the 
grid impedance can no longer be considered an open circuit or even a pure capacitor. 
Under these conditions, the displacement currents arising from the motion of the electrons 
in the space between the grid and the other electrodes causes a true dissipation of energy 
in the grid circuit within the tube and a direct conductive coupling to other electrodes. 
This causes a grid-circuit loading of the tank circuit, decreasing the oscillator efficiency. 
As the traasit-time effect first becomes important, the resistance of the grid due to this 
decreases approximately as the square of the frequency. Consequently, as the frequency 
of oscillation is increased through this frequency range, the efficiency decreases rapidly to 
the point where oscillations can no longer be sustained, even though no external load is 
coupled to the tank circuit. Decreasing the dimensions and spacing of the electrodes in- 
creases the frequency at which transit-time effects become important but correspondingly 
decreases the power-dissipating capacity of the tube. 

At high frequencies, another effect becomes important. The leads within the tubes and 
the socket are found to have an appreciable impedance. Such impedances must, of course, 
be considered part of the circuit when that circuit is designed. In many tube types the 
impedances associated with the leads are so prominent at high frequencies that the highest 
frequency at which these tubes will oscillate is limited by this consideration rather than 
by the transit-time effect discussed above. 

Since the efficiency of ordinary oscillatory circuits decreases as the frequency for which 
these circuits are designed increases, it is common to replace coil and condenser type tank 
circuits by resonant concentric lines. Thus in the tuned-plate tuned-grid oscillator circuit 
of Fig. 1d, two concentric lines are used, one replacing the tuned-plate circuit and one 
replacing the tuned-grid circuit. The adjustment of the resonant frequency is accom- 
plished by movable short-circuiting plugs in the lines. Various configurations of the con- 
centric lines can be readily adapted to this circuit. 

To accomplish the combination of improvements to overcome the adverse effects of 
transit time and lead impedance, and to adapt the tube for use with concentric line circuit 
elements, the so-called ‘‘lighthouse’’ tube was developed (see Section 4). Using such 
tubes, triode oscillators have been operated above 3000 Mc. 

THE MULTIVIBRATOR. For large values of ¢« the non-linear theory of vacuum- 
tube oscillators discussed above indicates that voltages having a discontinuous wave form 


Fie. 7. The Circuit of a 
Dynatron Oscillator 
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would be produced. At low frequencies such oscillations can be obtained from a circuit 
shown in Fig. le or f by reducing the capacitance C to zero. The only capacitance is 
then the distributed capacitance plus the tube capacitance. At low frequencies these 
have an effect small enough so that the value of eis large. A similar effect can be obtained 
at higher frequencies by means of two 
resistance-capacitance coupled amplifiers 
connected as shown in Fig. 8, so that the 
% output of the second is fed into the in- 
put of the first. Under these conditions 
the phase of the output voltage is such 
as to aid the grid of the input tube. The 
ont period of the oscillation is given roughly 

Es by reiCi + reeCo. Using ordinary tubes 

Fie. 8. The Usual Multivibrator Circuit these oscillators can be made to operate 
: at frequencies up to 1,000,000 cycles. 

DISTORTIONLESS OSCILLATORS. As indicated under Non-linear Theory of 
Oscillators, p. 7-83, it is generally necessary for a stable oscillator to operate in such a 
way that an increase in grid-voltage amplitude would cause an increase in limiting-type 
distortion so that the voltage developed in the plate circuit produces too small a voltage 
in the grid circuit to maintain that voltage in the plate circuit. And similarly a decrease 
in grid-voltage amplitude would produce such a relatively increased voltage in the plate 
circuit that a larger voltage would be produced in the grid circuit, tending to return the 
grid-voltage amplitude to its original value. Under these conditions, the stable grid- 
voltage amplitude is such that the voltage developed in the plate circuit is just sufficient 
to maintain that stable grid voltage in the grid circuit. In other words, the voltage gain 
at the oscillating frequency must decrease as the amplitude increases and must increase 
as the amplitude decreases. The greater the magnitude of this dependence of gain upon 
amplitude, the greater the stability of the oscillator. In the ordinary oscillator, where 
this dependence of gain upon amplitude is accomplished through amplitude limiting, the 
greater the dependence, the greater the distortion. Consequently, it is generally true 
that an increase in stability of an oscillator is accompanied by an increase in distortion. 

In any oscillator where the gain of the amplifier part of the circuit is controlled by the 
average amplitude, averaged over one or more cycles, rather than by the relatively in- 
stantaneous limiting action of the ordinary oscillator it is possible to operate the amplifier 
in that part of its characteristic where distortion is negligible. One such oscillator is the 
resistance-capacitance oscillator. 

R-C OSCILLATOR. The resistance-capacitance tuned oscillator is shown in Fig. 9. 
The bridge circuit at the left of the circuit is a somewhat unbalanced Wien bridge at the 
oscillating frequency, 1/2 av ryroCi Co. The unbalance is such that, were r, to be somewhat 
increased, the bridge would be balanced. Actually, ra and rp are so chosen that the un- 
balance voltage which is introduced in the grid circuit of the first amplifier tube is just 
sufficient when amplified to produce the required bridge suppy voltage between A and B 


to maintain that magni- 
he 


tude of unbalance voltage. 
&) Lamp 


If the gain of the amplifier 
were to increase from its 
normal value, increasing 
the voltage between A and 
B, the added heat devel- C2 
oped in the lamp would 
cause 7, to increase, caus- 
ing the bridge to become 
more nearly balanced and 
thus decreasing the input 
voltage to the amplifier to 
compensate for the in- 
creased gain. In the op- 
posite fashion, a decrease 
in gain causes the bridge 
to be less nearly balanced. Thus such an oscillator is amplitude stable at the frequency 
which would balance the bridge. If mC, = r2C2, the maximum positive balance voltage 
appears at this frequency. Therefore, this oscillator operates stably at only one fre- 
quency. The gain‘control is averaged over several cycles owing to the thermal lag of 
the resistance change of the lamp. By means of ganged condensers for C, and Cs, the fre- 


Fia. 9. Resistance-capacitance Tuned Oscillator 
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quency of such an oscillator can be conveniently varied. Oscillators of this type can be 
designed for frequencies well below the audible limit to several hundred kilocycles. 

OSCILLATIONS OF GAS-FILLED TUBES. The gas-filled tube characteristic differs 
from the vacuum tube in one outstanding particular. The plate resistance varies from a 
very high value to a very low value almost discontinuously. Such a characteristic does 
not lend itself to the production of sinusoidal oscillations. However, it is highly advan- 
tageous for the production of almost discontinuous wave forms, the most important of 
which is the so-called sawtooth wave used for linear scanning in cathode-ray oscillographs. 

The circuit of such an oscillator is shown in Fig. 10a. The condenser C is charged 
through the resistance r until the voltage across C is equal to the critical starting voltage 
of the plate circuit, the volt- 


age at which the resistance Plate Voltage 

suddenly decreases to a low ae 

value. The condenser is then r 

discharged until the voltage Eo Ep 

across it equals the critical |'|! [+]! (b) 
(a) 


stopping voltage, the voltage 
at which the plate resistance 
returns to its high value 
again. This stopping voltage 
is always less than the starting voltage. The cycle then repeats itself as shown in Fig. 
i0b. These oscillators can be operated fairly satisfactorily up to 15,000 cycles, being 
limited by the ionization and deionization time of the gas. Above this value multivibra- 
tors must be used for linear sweep circuits. 

These oscillators are easily synchronized with an external frequency by introducing a 
voltage at that frequency in the grid circuit as shown in the figure. As with vacuum-tube 
oscillators, these oscillators can be synchronized at a subharmonic of the synchronizing 
frequency. 

BARKHAUSEN OSCILLATORS. In 1920 Barkhausen and Kurz discovered that, 
using certain tubes, oscillations a few centimeters in wavelength were produced when the 
grid supply voltage was highly positive and the plate was at or near the cathode potential 
Several theories of the operation of tubes under these conditions have been proposed but 
none agrees entirely with the experimental results. Practically all tubes which will oscil- 
late under these conditions consist of cylindrical and coaxial cathodes, grids, and plates. 
Some investigators have succeeded in getting oscillations from other geometrical con- 
figurations, notably planes instead of cylinders. 

Qualitatively, the explanation given is that electrons rapidly accelerated by means of 
the high grid potential pass through the grid as a result of their momentum and are turned 
back toward the grid, owing to its high potential, before they reach the plate. This causes 
each electron to set up a displacement current between the grid and the plate. A chaotic 
distribution of the phases of the oscillations of these elec- 
trons can be shown to be an unstable distribution. How- 
ever, when these electrons oscillate in clouds the operation 
Le Lo is stable so that the resultant current is not zero. 

The customary circuit for these oscillators is shown in 

ines Fig. 11. The power of the oscillations has been observed 

H as high as 10 watts, the wavelengths go to 6 cm, and the 

aie efficiencies are from a fraction of 1 per cent to 7 per cent. 

Fre. 11. SEL Ea St The lowest efficiency and the lowest power usually occur at 
the shortest wavelengths. 

OTHER SPECIAL OSCILLATORS. Other forms of oscillators use resonant cavities 
for the oscillating circuit element. These are treated in Section 4, article 8, on magne- 
trons, and article 22 of this section on cavity resonators. 


Fie 10. A Relaxation Oscillator, Using a Gaseous Tube, and Its 
Voltage Wave Form 
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The frequency stability of mechanical vibrating systems is in general better than the 
frequency stability of electrical oscillatory circuits. For this reason mechanical vibrating 
systems are coupled to electrical circuits to give an electrical output of constant frequency. 

TUNING-FORK OSCILLATORS. The circuit of a tuning-fork oscillator is shown in 
Fig. 12. This type of oscillator can be described as a refined buzzer. The resonant tuning 
fork corresponds to the oscillatory circuit, and the carbon button corresponds to the 
vacuum tube with the carbon as the plate circuit and the diaphragm as the grid. The 
feedback occurs through the transformer 7. Although the electric circuit is tuned by 
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means of the transformer inductances and the capacitance C, the harmonic content of the 
output is high. These oscillators are very convenient sources of audio-frequency voltage. 
MAGNETOSTRICTION OSCILLATORS. When a body is placed in a magnetic field, 
stresses are produced within the body tending to distort it. Inversely, when a body is 
distorted, there is a change in the mag- 

Tuning Fork Carbon Button netic permeability. Magnetostriction is 
D.C. Input Armature the name given to this effect. Many 
metals and alloys exhibit magnetostric- 

c tion, but according to Ide it is most 
pronounced in alloys having 8-10 per 
cent chromium, 36-38 per cent nickel, 
and the remainder iron with about 1 
per cent manganese to facilitate forging. 
When a rod of this material is mag- 
netically polarized and placed in a coil 
carrying alternating current, it vibrates 


Th 


es longitudinally at the frequency of the 

alternating current. If this frequency is 

Sarr the resonant frequency of the rod me- 

chanically, the amplitude of the effect 

Fie. 12. The Tuning Fork Oscillator will be large even for very small currents 


in the coil. Thus it can be considered 
equivalent to a parallel tuned circuit coupled by means of the coil into the electric circuit. 
The resonant frequency is given by v/l, where v is the velocity of sound through the rod, 
about 4 km per sec, and / is the length. With the composition as above, and proper heat 
treatment and magnetization, the temperature coefficient is of the order of one part in a 
million per degree centigrade. 

These devices are used as the oscillatory system of a vacuum-tube oscillator by means 
of a circuit such as that shown in Fig. 13. An additional coil carrying direct current may 
be necessary if the plate current is not sufficient to polarize the rod. Oscillations are more 
easily controlled when the relation between the direction of the coils is as shown, in con- 
trast to.that of the Hartley circuit (Fig. 1a). The positive feedback is obtained by means 
of the condenser C so that the electrical analogy is more nearly like the tuned-plate-tuned- 
grid oscillator shown in Fig. ld. The rod is clamped in the middle (a node of its mechanical 
vibration), and the ends are free to vibrate. 

The frequency stability of the magnetostriction oscillator compares favorably with 
that of the quartz crystal oscillators. The lower limit of frequency is determined by the 
practical limit of the length of the rod. The high-frequency limit is due to the magnetic 
skin effect of the rod. However, the harmonics of these high frequencies can be filtered 
out of the plate circuit so that frequencies of several million 
cycles can be obtained from these oscillators. 

PIEZOELECTRIC CRYSTAL OSCILLATORS. With respect 
to frequency, the most stable oscillators are oscillators con- 
trolled by piezoelectric crystals. Crystal oscillators are used 
in practically all transmitters as master oscillators. A crystal 
oscillator, used by the Bureau of Standards for the broadcast of 
standard frequency signals, gave a frequency stability of better 
than 1.5 parts in a million over a period of a year, and its sta- 
bility was better than 2 parts in 100,000,000 over a period of 
several hours. By synchronizing oscillators to subharmonies of 
these standards, clocks can be driven which are considerably 
more accurate than pendulum clocks. 

Crystal oscillators are applications of the piezoelectric effect, Fiest3. “The Magnetostrie- 
which is a means of coupling a mechanical motion to an electric tion Oscillator 
circuit. When a strain is produced in a piezoelectric material, 
electric charges appear on its surface. Conversely, when an electric field is produced 
between surfaces of a piezoelectric material, a stress appears in the material. Thus if an 
alternating electromotive force is applied between two surfaces of the material, the ma- 
terial will vibrate, and if the material vibrates it will set up a displacement current between 
these surfaces. 

This effect has been observed in many crystals, the most important of which are: quartz, 
tourmaline, and Rochelle salt (sodium potassium tartrate). Quartz and tourmaline have 
been used in oscillators, quartz crystals dominating the field. Tourmaline is more expen- 
sive than quartz but has the advantage that it can be ground to smaller sizes to produce 
oscillators having higher frequencies. 
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For use in conjunction with electric circuits, these crystals are cut in slabs, the geometry 
of which bears certain relations to the geometry of the crystal structure. These slabs are 
mounted in crystal holders, which consist essentially of two parallel conducting plates for 
the purpose of making an electrical connection with the surfaces of the crystal. An 
alternating emf set up between these plates causes a current to flow because of the piezo- 
electric properties of the erystal. When the frequency of this emf is equal to the mechani- 
ical resonant frequency of the crystal, the conductivity between the plates is maximum. 
This resonant frequency depends upon the 
dimensions of the slab and upon the relation eg 
between the geometry of the slab and the | : 
geometry of the crystal structure. The fre- 
quency of these resonators is therefore limited 
by the practical limitations of size of the slab. 
The frequency limits are from a few kilocycles 
to a few megacycles. (See Section 13, arti- 
cles 32-34.) 

For the analysis of electric circuits con- 
taining crystals it is convenient to replace 
the crystal by its equivalent electric circuit. 
This equivalent circuit is simply a series res- 
onant circuit containing resistance, capac- 
itance, and inductance paralleled by the 
capacitance of the holder. Because of the 
sharpness of tuning of this circuit, it is im- 
possible actually to construct the electrical 
equivalent circuit. 

There are several oscillator circuits employ- 
ing crystals, two of which are shown in Fig. 
14. Circuit (a) makes use of the grid to plate 
interelectrode capacitance for feedback, as 
in the tuned-plate tuned-grid oscillator circuit 
(Fig. 1d); circuit (b) uses inductive feedback Fig. 14. Piezoelectric Crystal Oscillator Circuits 
as in the Hartley oscillator (Fig. la). As in 2 
Fig. 1, the capacitances, Cz, are by-pass condensers, and the inductance, Lz, is a choke 
coil arranged to prevent the alternating current from passing through the d-c supply source, 
Ex. The tuned circuits containing L and C [in (b) L = L; + Lz + 2M] are tuned to 
essentially the resonant frequency of the crystal. f : 

The grid leaks rg, as in ordinary vacuum-tube oscillators, furnish the operating bias 
for the tubes. The grid leak is in this case limited by an additional factor, namely, that 
the a-c current through the crystal, which is controlled by this resistance, must not exceed 
the safe operating value for the crystal. For low-frequency crystals this limit is 100 ma; 
for crystals in the megacycle range it reduces to 50 ma. Above this limit the crystal may 
vibrate violently enough to shatter itself. Since the d-c current through the grid leak is of 
the same order of magnitude as the a-c current through the crystal, an estimate of the 
value of this current can readily be obtained from the d-c grid current. In addition to this 


limitation the correct value for the grid leak is governed by the operating bias for the tube 
and varies from 10,000 ohms for high-u 


tubes to 50,000 or more for low-pu tubes. 

The circuit shown in Fig. 14a is the 
most popular erystal-controlled oscillator 
circuit. Wheeler has analyzed the equiv- 
alent of this circuit (Fig. 15) by the 
method of van der Pol for the theory of 
non-linear oscillators. He obtained certain 
criteria for the frequency to be dependent, 
primarily upon the resonant frequency of 
the crystal. First, the Q of the plate circuit 
tuning coil, i.e., the L to r ratio, should be 
as small as is consistent with stable oscillation. Second, the plate resistance of the tube 
should be as high as is consistent with stable oscillation. Third, Cy, which includes the 
capacitance C’ and the grid to filament tube capacitance as well as the crystal holder 
capacitance, should approach but not exceed wu — 1 times Cg». Fourth, the plate tuning 
capacitance, C, should be adjusted to give maximum plate current. 

The plate resistance can be made large by the choice of the tube and by decreasing the 
operating plate voltage. The capacitance C; is usually made enough smaller than Cgp 


Quartz 
Crystal 


Fig. 15. The Equivalent Circuit Corresponding’ to 
Fig. 14a 
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(4 — 1) so that C’ may be used as a fine adjustment of the frequency. The resonant 
frequency of the resonant circuit in the plate circuit must be above the resonant frequency 
of the erystal, while, if this resonant circuit has too high a frequency the plate load imped- 
ance is so low that oscillations cannot exist. As the capacitance, C, is varied from too low 
a value toward that value at which the resonant frequency of the plate circuit is the same 
as that of the crystal, the circuit at first fails to oscillate, then feeble oscillations start 
which increase steadily until just before the critical frequency the amplitude of oscillation 
rapidly drops to zero. The total variation in frequency of oscillation throughout this 
adjustment is 2 to 5 parts in 10,000. The optimum adjustment is for C' to have a value 
just less than that for critical frequency. 

Without some special means of temperature control, the resonant frequency of the 
crystal itself changes. The temperature coefficients of crystals vary, depending upon the 
relation between the geometry of the slab and the geometry of the crystal structure, from 
1 part in 10,000 to 1 part in a million or less per degree centigrade. To minimize the 
variation in frequency due to the temperature, elaborate temperature-controlled ovens 
are used to maintain the temperature constant to better than 0.01 deg cent. For frequency 
control of an ordinary transmitter, ovens capable of maintaining temperatures to within 
0.1 deg are sufficiently accurate. 

A erystal oscillator may be designed to supply as much as 10 watts of output power at a 
plate efficiency of 30 to 60 per cent. The plate current and power output are limited by the 
current through the crystal. The usual d-c plate voltage is from 200 to 400 volts. 

Because of the low power output and in order to prevent feedback into the crystal, a 
buffer amplifier must be used between these oscillators and the place where the power is to 

be applied, especially when the load is variable 
D.C. Field Supply as in modulation. 

ALTERNATORS. Alternators are used pri- 
marily to produce a-c power at the low fre- 
Output quencies employed in power engineering. How- 
ever, before the advent of high-power vacuum 
tubes, comparatively high frequencies for use in 
communication were obtained from specialized 
alternators. Two types of alternators were 

extensively employed for this purpose. 

Alexanderson Alternators. The schematic 
diagram of an Alexanderson alternator is shown 
in Fig. 16. The toothed wheel is rotated be- 
tween the poles of the magnet energized by a d-c field coil. This changes the magnetic 
flux density through the output coil periodically, setting up alternating currents in the load. 
The frequency of these alternators is limited to about 200 ke by the obvious mechanical 
limitations of construction and operation as well as by losses in the iron core and teeth. 

Goldschmidt Alternators. The Goldschmidt alternators operated on a different prin- 
ciple. In a low-frequency single-phase alternator, the electromotive force developed 
in the armature contains not only the fundamental frequency but also the odd harmonics. 
Similarly, the field contains the even harmonics. Ordinarily, the reactances of the circuits 
are so arranged that the impedances to the fundamental and to the harmonics present are 
relatively high. The Goldschmidt alternators are designed so that the impedance at the 
frequencies of these harmonics is low. Then, by means of filters, one of the higher har- 
monies, usually the fourth harmonic, is selected for use. The frequency is limited here to 
about the same value by the same factors as in the Alexanderson alternator. 

SPARK-GAP OSCILLATORS. Most of the early radio telegraph transmitters were 
damped-wave transmitters. These damped-wave oscillations were produced by means of 
spark-gap oscillators. The circuit of 
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Shaft 
Toothed Rotor 


Fig, 16. Alexanderson Alternator 


one of these oscillators is shown in SbarkiGap 

Fig. 17. When the instantaneous 

voltage across the spark gap due to Audio 

the audio-frequency generator ex- Frequency (} (i Output 


ceeds the breakdown potential of the 


Generator 


gap, a sudden rush of current shock- 
excites the oscillatory circuit consist- 
ing of the inductance LZ and the 
capacitance C, setting up an oscilla- 
tory current which is damped out 
by the resistance of the inductor, L, and by the load. The low resistance of the discharg- 
ing arc is negligible until the voltage across it drops below some comparatively small value. 
This occurs twice during each cycle of the audio frequency. The most prominent frequency 


Audio Frequency 
Transformer 


Fie. 17. Spark-gap Oscillator 
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in the output is the natural frequency of the resonant circuit, i.e., The out- 


1 
2rV/LC 
put may be considered a carrier of this frequency modulated by an audio having a fun- 
damental of twice the frequency of the generator voltage. There are so many harmonics 
of the audio that the bandwidth necessary for this type of transmission is very wide. For 
this reason, the ordinary use of spark transmitters is prohibited by law. However, many 
emergency stand-by transmitters on ships are of this type. The audio-frequency gen- 
erator is frequently a buzzer using the transformer primary as the coil so that these trans- 
mitters may be operated by means of a battery. 

Spark-gap transmitters are actively used at the present time for many industrial appli- 
cations, chiefly to supply induction furnaces. The spark gaps are usually not air gaps, but 
a discharge in mercury vapor alone or with hydrogen. Such gaps can deliver high power 
at high efficiency, and they compare favorably with vacuum-tube oscillators for this 
purpose. 
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22. CAVITY RESONATORS 
By I. G. Wilson and J. P. Kinzer 


A cavity resonator is a section of dielectric completely surrounded by a metallic shell. 
In many ways, its performance is analogous to a resonant R, L, C low-frequency circuit. 
However L, C, and R can no longer serve as basic in the consideration of cavity resonators, 
because of the inability to define inductance and capacitance uniquely. (See reference 1.) 
In fact it is possible to find only two such quantities which describe the properties of a 
cavity resonator. 

The first of these is the resonant frequencies (or wavelengths), defined as those values of 
f (or A) which result in the boundary conditions being satisfied. With each resonance 
there is associated a particular standing-wave pattern of the electromagnetic fields. 
These have been called ‘‘eigenvalues” or ‘‘eigentones,’”’ but the term “normal modes’”’ is 
now in general use. 

The second is the quality factor, Q, defined by 


Energy stored 
Qo = 29 
Energy lost per cycle 


(5) 
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In calculating A, the assumption is made that the walls of the cavity have perfect con- 
ductivity. When Q is calculated, the assumption is made that ) is unchanged; that is, the 
fields that actually exist are those calculated on the basis of perfectly conducting walls. 
Since the Q’s are generally high, the approximation is extremely good. (See reference 20) 

Since the energy is stored in the cavity volume, while the energy is lost in the walls, to 
obtain a high Q, the resonator should have a large ratio of volume to surface area. For 
this reason, cylinders, prisms, or spheres will in general have better Q’s than cavities with 
re-entrant portions, or coaxial structures. 

In computing the resonant frequencies and Q values of cavity resonators, solutions of 
the field equations involve, for the rectangular prism, circular functions; for the perfect 
cylinder, Bessel functions of the first kind; and, for two coaxial cylinders, Bessel functions 
of the first and second kinds. Only approximate solutions have been derived for cavities 
involving re-entrant sections. 

MODES. By fundamental and general consideration, the modes in every cavity reso- 
nator, regardless of its shape, are infinite in number and more closely spaced as the fre- 
quency increases. The total number, N, of these having a resonant frequency less than 
f is given approximately by: 


IN sway I (6) 


where V = volume of cavity in cubic meters. 
c = velocity of electromagnetic waves in the dielectric in meters per second. 
f = frequency in cycles per second. 


PRINCIPLE OF SIMILITUDE. Another theorem generally applicable to all cavities 
is the principle of similitude, stated as follows (see reference 3): A reduction in all the 
linear dimensions of a cavity resonator by a factor 1/m (if accompanied by an increase in 
the conductivity of the walls by a factor m) will reduce the wavelengths of the modes by 
the factor 1/m. For high-Q cavities, the condition given in parentheses need not be 
considered. 

MODES IN RIGHT CYLINDERS. In right cylinders (ends perpendicular to axis) 
the modes fall naturally into two groups, the transverse electric (7’#) and the transverse 
magnetic (7M). In the 7'H modes, the electric lines everywhere lie in planes perpendicu- 
lar to the cylinder axis, and in the 7M modes the magnetic lines so lie. Further identifi- 
cation of a specific mode is accomplished by the use of indices. 

THE MS FACTOR. With a cylinder restricted to a loss-free dielectric and a non- 
magnetic surface, the value of Q (quality factor) for each mode depends on the conduc- 
tivity of the metallic surface, the frequency, and the ratio of a cross-sectional dimension 
to the length. The quantity Q6/\, however, depends only upon the mode and shape and is 
referred to as the mode-shape (78) factor. 

In this expression, 5 refers to skin depth (see reference 4) in meters = (1/27) (V'107p/f), 
\ is wavelength in meters in the dielectric = c/f, and p the resistivity in ohm-meters. 
The skin depth is a factor which recognizes the dissipation of energy in the walls and ends 
of the cylinder. With increase of resistivity of these surfaces the currents penetrate 
deeper and the resulting Q is lower. 

FUNDAMENTAL FORMULAS. Expressions for standing-wave patterns and Q6/i 
are given in Table 1, for right rectangular, circular, and full coaxial cylinders. The mode 
indices are l, m, n following the notation of Barrow and Mieher (reference 5). In the 
rectangular prism they denote the number of half-wavelengths along the coordinate axes. 
For the other two cylinders they have an analogous physical significance with / related to 
the angular coordinate, m to the radial, and n to the axial. 

In an elliptical cylinder, a further index is needed to distinguish between modes which 
differ only in their orientation with respect to the major and minor axes; these paired 
modes are termed even and odd and have slightly different resonant frequencies (see 
reference 6). In the circular cylinder they have the same frequency, a condition which is 
referred to as a degeneracy (in this case, double); that is, in the circular cylinder, odd and 
even modes are distinguishable only by a difference in their orientation within the cylinder 
with reference to the origin of the angular coordinate. In Table 1, the field expressions 
are given for the even modes; those for the odd modes are obtained by changing cos 16 to 
sin 16 and sin 16 to cos 10 everywhere. 

The value of WN in the table for the circular cylinder is based on counting this degeneracy 
as a single mode; counting even and odd modes as distinct will nearly double the value of 
N, thus bringing it into agreement with the general eq. (6). 

In Table 1, the mks system of units is implied. The notation is in general accordance 
with that used in prior developments of the subject. For engineering applications, it is 
advantageous to reduce the results to units in ordinary use and to change the notation 
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wherever this leads to a more obvious association of ideas. For these reasons, in what 
follows attention is confined to the right circular cylinder, with changes in units and 
notation as specified later. 
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Fig. 18. Mode Chart for Circular Cylinder Cavity Resonator. D and L in inches; f in megacycles 
per second. The rectangle indicates the best operating region for the TE 011 mode. 


THE MODE CHART. The formula relating the resonant frequency to the mode, 
shape, and dimensions may be written simply: 


(fD)? = A + Bn? (7) (7) 


where H = frequency in megacycles per second. 
= diameter of cavity in inches. 
length of cavity in inches. 
a constant depending upon the mode. Values of A are given in Table 2 for 


the lowest 30 modes. Values of Bessel function roots are given in Table 3 
for first 180 modes. 


L 
A 
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B=a constant depending upon the velocity of electromagnetic waves in the dielec- 
tric. For air at 25 deg cent and 60 per cent relative humidity, B = 0.34799 x 
108. 

n = third index defining the mode, i.e., the number of half wavelengths along the 


cylinder axis. 


Formula (7) represents a family of straight lines, when (D/L)? and (fD)? are used as co- 
ordinates, and leads directly to the easily constructed and highly useful mode chart of 
Fig. 18. 

It will be noted from Table 2 that the TH Omn and the TM 1mn modes have the same 
frequency of resonance. This is a highly impor- 
tant case of degeneracy. In the design of prac- Table 2. Constants for Use in Com- 
tical cavities it is necessary to take measures to puting the Resonant Frequencies of 


eliminate this degeneracy, asthe 7M mode (usu- Circular Cylinders 

ally referred to as the companion of its associated A A 2 

TE mode) introduces undesirable effects. ({D)? = (<) + (5) () 
DESIGN OF HIGH-Q CAVITY IN TE Oin x 2 L 

MODE. In many applications, a resonator is ="AT+ Bn? (2 

-used in its fundamental (gravest) mode. How- oe L 

ever, when high values of Q are desired, it may B = 0.34799 x 108 


be necessary to use a high-order mode. In this 
case, it is desirable to keep the volume the mini- 
mum because other modes can cause undesired 
responses and other deleterious effects. As shown 
by eq. (6), the total number of resonances is a 


1.17981 X 101° in. per sec 


° 
i 


r A 


- 40483 0.81563 x 108 


2 

function of the volume. Analysis of the problem 02 5.52008 4.2975 
leads to the conclusion that operation in the TE 03 8.65373 | 10.5617 
Oln mode (unimportant exceptions occur for uN 3.83171 2.0707 
values of Q6/X less than 1.2) gives the smallest “es Oe eiean 
volume for an assigned Q and also leads to specific 21 5.13562 3.7197 
values of n and D/L which give this result. In 27) 8.41724 9.9923 
fact, for maximum Q per volume in the 7'# Oln 31 6.38016 5.7410 
mode, 32 9.76102 13.4374 
D 4) 7.58834 8, 1202 
(ib)? — SS SY SIE SS TOS (8) 51 8.77148 | 10.8511 
61 9.93611 13.9238 
which permits easy plotting on a mode chart of TE 01 3.83171 2.0707 
the locus. of the operating points for best Q per 02 7.01559 6.9415 
: 03 10. 17347 14.5970 

volume ratio. 1 1.84118 | 0.47810 
The mode-shape (MS) factor for the TH O1n 12 533144 4.0088 
modes may be expressed as follows: 13 8.53632 | 10.2770 
2 3 21 3.05424 1.3156 
[3 + 0.168 (7) ole 22 6.70613 6.3426 
avi Gp “ 23 | 9.96947 | 14.0175 
1 ee pe! |) 31 | 4.20119 | 2.4893 
1 + 0.168 (2) n? 32 8.01524 9.0606 
L 41 5.31755 | 3.9879 
This has been derived from Table 1 by com- a ee ae 
bining terms which are a function of frequency 61 7.50127 7.9359 
and by assuming the conductivity of copper 71 8.57784 10.3772 
(p = 1.7241 X 1078 — the International Stand- 81 9.64742 | 13.1265 


ard value for copper) for the cylinder walls. Value of c is for air at 25 deg cent and 60 

The relative Q’s for several metals are: silver per) eénthrelative humidity. 40D sandy Buin 
1.03, copper 1.00, gold 0.84, aluminum 0.78, and inches; f in megacycles. 
brass 0.48. Therefore, a brass cavity will have 
about one-half of the Q of a similar copper cavity. Silver-plating a copper cavity will 
increase Q about 3 per cent. Experience shows that only 80 to 90 per cent of the theo- 
retical Q can be realized. This should be taken account of in the design. 

With the frequency and desired Q known, the dimensions of the cavity can be deter- 
mined. 

CAVITY COUPLINGS. To be useful the cavity must be coupled to external circuits. 
The coupling to all modes can be analyzed, at least qualitatively, from the field expres- 
sions of Table 1. The problem is to get the correct coupling to the desired mode and as 
little coupling as possible to all others. This may be obtained either by a loop or a probe 
at the end of a coaxial line or by an orifice connecting the cavity with a wave guide. For 
optimum coupling the plane of a loop must be perpendicular to the H lines: the axis of a 
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probe must be collinear with the Z lines; and the H lines in a wave guide feeding through 
an orifice must be parallel to the H lines in the cavity. 

Since the electric field is zero everywhere at the boundary surface of the cavity for the 
TE 01n mode, coupling to it must be magnetic; a probe cannot be used. The location for 


Table 3. Values of the Bessel Function Zero (rim) for the First 180 Modes in a Circular 
Cylinder Resonator 


rim Mode * Pim Mode Tim Mode Tlm Mode 

1 1.8412] #8 1-1 46 13,0152| M 3-3 91 18.4335} M 10-2 136 22.6716) HE 2-7 
2 2.4048|} M 0-1 47 13.1704) HE 2-4 92 18.6374] EF 6-4 es 22.7601} M 1-7 
3 3.0542) #B 2-1 oe 13.3237| M_ 1-4 93 18.7451| E 12-2 138 22.7601 | E 0-7 
4 3.8317} mM 1-l 49 13.3237| E 0-4 94 18.9000 | M 14-1 139 22.9452| M_ 8-4 
{ 5 3.8317| BE 0-1 50 13.3543| M 9-1 95 18.9801 | M 5-4 140 23.1158| M 14-2 
6 4.2012) # 3-1 51 13.5893} M 62 96 19.0046} EF 9-3 141 23.2548] E 21-1 
7 5.1356) M 2-1 52 13.8788 | EF 12-1 97 19.1045] EH 17-1 142 23.2568 | M 18-1 
8 5.3176|/ EF 4-1 53 13.9872] EF 5-3 98 19.1960} FE 4-5 143 23.2643| HE 16-2 
9 5.3314) HF 1-2 54 14.1155] EH 8-2 99 19.4094} M 3-5 144 23.2681| HE 7-5 
10 5.5201] M 0-2 55 14.3725| M 4-3 100 19.5129) EF 2-6 145 23.2759 | M 11-3 
11 6.3802 | M 3-1 56 14.4755} M 10-1 101 19.5545| M 8-3 146 23.5861 | M 6-5 
12 6.4156] H 5-1 57 14.5858| EH 3-4 an 19.6159} M_ 1-6 147 23.7607 | HZ 10-4 
13 6.7061 | EH 2-2 58 14.7960 | M 2-4 103 19.6159| EZ 0-6 148 23.8036) H 5-6 
m7 7.0156| M 1-2 59 14.8213 | M 7-2 104 19.6160] M 11-2 149 23.8194| HE 13-3 
15 7.0156) E  0-2 60 14.8636] H 1-5 105 19.8832] # 13-2 150 24.0190| M 4-6 
16 7.5013|#H 61 61 14.9284] E 13-1 106 19.9419] BE 7-4 151 24.1449] EH 3-7 
17. 7.5883 | M 4-1 62 14.9309 | M 0-5 107 19.9944] M 15-1 152 24.2339) M 9-4 
18 8.0152) H 3-2 63 15.2682) HE 6-3 108 20.1441] Z 18-1 153 24.2692 |} M 15-2 
19 8.4172 | M 2-2 64 15.2867) EF 9-2 109 20.2230} # 10-3 154 24.2701 | M 2-7 
20 8.5363 | # 1-3 65 15.5898) M 11-1 110 20.3208| M 6-4 155 24.2894] E 22-1 
21 8.5778 | FE 7-1 66 15.7002) M 5-3 TUL 205575 5s ees b-5) 156 24.3113| HH 1-8 
22 8.6537 | M 0-3 67 15.9641) HE 4-4 112 20.7899 | M 12-2 157 24.3382 | M 19-1 
23 8.7715 | M 5-1 68 15.9754] E 14-1 113 20.8070| M 9-3 158 24.3525| M 0-8 
24 9.2824) HE 4-2 69 16.0378| M_ 8-2 114 20.8269| M 4-5 159 24.3819] H 17-2 
25 9.6474) EH 8-1 70 16.2235| M 3-4 115 20.9725| FE 3-6 160 24.4949 | M 12-3 
26 9.7610| M 3-2 71 16.3475] HE 2-5 116 21.0154] BE 14-2 161 24.5872] HE 8-5 
27 9.9361) M 6-1 72 16.4479 | E 10-2 117 21.0851 | M 16-1 162 24.9349) M 7-5 
28 9.9695| HE 2-3 hea 16.4706} M 1-5 118 21.1170) M 2-6 163 25.0020) E 14-3 
es 10.1735 | M 1-3 74 16.4706] EF 0-5 119 21.1644] # 1-7 164 25.0085] FE 11-4 
30 10.1735} HE 0-3 75 16.5294] HE 7-3 120 21.1823) # 19-1 165 25.1839] E 6-6 
31 10.5199} H 5-2 76 16.6982 | M 12-1 121 21.2116) M 0-7 166 25.3229] H 23-1 
32 10.7114] H 9-1 77 17.0038) M 6-3 122 21.2291} F 8-4 167 25.4170 | M 16-2 
33 11.0647 | M 4-2 78 17.0203| E 15-1 123 21.4309] FE 11-3 168 25.4171 | M 20-1 
34 11.0864 | M 7-1 79 17.2412| M 9-2 124 21.6415| M 7-4 169 25.4303 | M 5-6 
35 11.3459 | EH 3-3 80 17.3128| EF 5-4 125 21.9317] FE 6-5 170 25.4956| HE 18-2 
36 11.6198 | M 2-3 81 17.6003} E 11-2 126 21.9562| M 13-2 171 25.5094 | M 10-4 
37 11.7060) EF 1-4 82 17.6160} M 4-4 127 22.0470 | M 10-3 172 25.5898| EB 4-7 
38 11.7349 | EH 6-2 83 17.7740| FE 8-3 128 22.1422] FE 15-2 173 25.7051 | M 13-3 
39 11.7709 | E 10-1 84 17.7887) E 3-5 129 22.1725 | M 17-1 174 25.7482 | M 3-7 
40 11.7915| M_ 0-4 85 17.8014) M 13-1 130 22.2178| M 5-5 175 25.8260| HE 2-8 
41 12.2251} M 8-1 86 17.9598| M 2-5 131 22.2191 | 2 20-1 176 25.8912| H 9-5 
42 12.3386) M 5-2 87 18.0155] HE 1-6 132 22.4010| E 4-6 177 25.9037| M 1-8 
43 12.6819 | EF 4-3 88 18.0633] # 16-1 133 22.5014| HE 9-4 { 178 25.9037| EZ 0-8 
44 12.8265 | # 11-1 89 18.0711] M 0-6 134 22.5827! M 3-6 179 26.1778| BE 15-3 
45 12.9324| FE 7-2 90 18.2876| M 7-3 135 22.6293| #2 12-3 180 26.2460| H 12-4 


* Nomenclature after Barrow and Mieher, Natural Oscillations of Electrical Cavity Resonators, 
Proc, I.R.E., April 1940, p. 184. 


M modes take zeros of Ji(x); HZ modes take zeros of J7'(x). Number directly following E or M is Ue 
number after hyphen is number of root. 

Values less than 16.0 are abridged from six-place values and are believed to be correct; values more 
than 16.0 are abridged from five-place values and may be in error by one unit in fourth decimal place. 
Underlined 5 in fourth place indicates that higher value is to be used in rounding off to fewer decimals. 


maximum coupling is on the side of the cavity, an odd number of quarter-guide wave- 
lengths from the end, or on the end about halfway (48 per cent) out from the center to the 
edge. Correct orientation requires the axis of a loop to be parallel to the axis of the 
cylinder for side-wall feed and to be perpendicular to the cylinder axis for end feed. Wave- 
guide orientation is shown in Table 4. 

The theory of coupling loops and orifices is not at present precise enough to yield more 
than approximate dimensions. On the basis of rather severely limiting assumptions, 
coupling formulas for a round hole connecting a rectangular wave guide and a TE Oln 
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cavity are given on Table 4. The assumptions are that the orifice is in a wall of negligible 
thickness, its diameter is small compared to the wavelength, it is not near any surface 
discontinuity, and the wave guide propagates only its principal (gravest) mode and is 
perfectly terminated. In some applications, the computed diameter is somewhat smaller 
than experiment shows to be correct. 

Coupling by means of an electron beam can also be used, but, owing to transit time, a 
re-entrant-type cavity is usually used to keep down the distance the electrons must travel 
within the resonator. 
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POWER SUPPLY 


By J. E. Young 


23. RECEIVER POWER SUPPLY 


The first receivers to employ vacuum tubes used batteries for filament and plate power 
supplies, but tubes were soon developed which had cathodes suitable for heating by 
alternating current. At the same time rectifier-filter combinations were developed to sup- 
ply plate voltage, and it was no longer necessary to depend on batteries, where a-c power 
was available. During the ensuing years the size of batteries has been reduced, and their 
shape has been adapted to receiver applications. At the same time their life has been 
considerably increased. Batteries are now used extensively in receivers in areas where no 
power is available and for portable receivers which are often designed so that either bat- 
tery or a-c power may be used. Sealed storage batteries have also been developed, and 
receivers using them arranged so that, if the receiver is plugged in an a-c line, the batteries 
are automatically recharged. 

FILAMENT POWER. The filament power for a-c operated receivers is usually ob- 
tained from one or more windings of the receiver power transformer. The design of power 
transformers is covered on pp. 6-26 to 6-30. A common winding is customarily employed 
to excite all cathodes; however, it sometimes happens that both filamentary and indirectly 
heated cathode tubes are used in a receiver, and bias is applied to the filamentary tubes 
in such a way that the filament winding of the transformer is maintained at a potential 
considerably above ground. It is possible, in this case, that the difference in potential 
between the cathode and heater of the indirectly heated tubes will exceed the value 
specified by the tube designer. Where this condition exists, or where, because of the 
circuits in which the cathodes of the tubes are connected, it may likewise be possible to 
exceed the rated potential difference between the cathode and the heater for which the 
tube was designed, it is necessary to provide separate filament windings, grouping the 
tubes on these windings in such a manner that excessive voltage strain will not exist 
between cathode and heater of any tube. 

PLATE POWER. The voltage supply for the plate circuits of the receiving tubes in 
a modern receiver is usually obtained from a vacuum-tube rectifier. A high a-c voltage 
is applied to the tube, and the rectified output is passed through a low-pass filter to atten- 
uate the a-c components. In Fig. 1 a typical B supply circuit is shown. With a condenser 
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input to the B filter (C, connected) the ratio of d-c output voltage to a-c input voltage is 
higher than with a choke input (C; disconnected). The choke input has the advantage of 
lower peak currents with less danger of damage to the tube under overload conditions. 
The voltage regulation with variable load is also better with choke input. 

In Fig. 2 the form of the currents and voltages is given for various portions of these 
two circuits. 

Figures 3A and 3B illustrate the relations between output voltage and load current for 
a typical full-wave rectifier for a choke input filter circuit and for a condenser input filter 
circuit. 
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Fia. 3. Output Characteristics of Rectifier Tubes 


MERCURY-VAPOR RECTIFIERS. The efficiency of rectification is improved by the 
presence of mercury vapor in the tube. The mercury vapor reduces the voltage drop in 
the tube and improves the voltage regulation. This type of tube may produce r-f inter- 
ference unless special precautions are taken, such as shielding of the rectifier tube and the 
use of r-f chokes or resistors in the rectifier plate leads. 

B SUPPLY FILTER. The capacitor input filter is the most economical type if the 
transformer impedance and rectifier tube type are such that excessive charging current 
will not be experienced. In general, electrolytic capacitors are compact and inexpensive 
enough so that filters are usually designed with a rather large ratio of capacitance to in- 
ductance. It frequently happens that tubes, or the elements of tubes used for different 
purposes in the receiver, require different voltages. In this event it is economical to ob- 
tain additional filtering by using the voltage drop resistors and shunt capacitors as a 
resistance-capacitor filter. Since the capacitive reactance will generally be small com- 
pared to the resistance, the attenuation of this type of filter is inversely proportional to 
the product of the resistance and capacitance. If this is so, sufficient filtering is provided 
in the main filter to produce the required ripple attenuation for the tubes which are sup- 
plied directly from this filter. 

It is possible to obtain increased attenuation by substituting a shunt resonant circuit 
for the inductive element of the filter; however, this practice is rarely followed, since the 
attenuation of ripple frequencies higher than the resonant frequency of the circuit is 
reduced and it is costly, in production, to maintain the values of inductance and capaci- 
tance closely enough to insure resonance at the correct frequency. The speaker field is 
frequently used as one of the chokes of the filter, and occasionally a hum-bucking coil is 
provided on the voice coil of the loudspeaker. 


24. TRANSMITTER POWER SUPPLY 


A-C POWER. A-c power is used for filament and plate supplies for transmitters 
almost universally. Filaments are usually heated by alternating current directly; rectifier- 
filter systems are provided for plate and bias supplies. Where alternating current is not 
available, motor generators or, for very low power transmitters, batteries are used. 
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FILAMENT POWER. Small transmitting tubes, unless used in service requiring 
quick-heating types, usually have indirectly heated cathodes. Unipotential cathodes 
are also required to permit operation at very high radio frequencies. Considerations 
affecting the design of filament power supplies for such tubes are covered in Section 6, ar- 
ticle 14. Large tubes are usually directly heated and have either a tungsten filament or, 
where practicable, a thoria-coated tungsten filament. The emission efficiency of the latter 
is higher and less filament power is, therefore, required to achieve a given space current. 

Filament power is usually derived from a 115- or 230-volt bus connected to the trans- 
mitter supply through a regulator, rheostat, or other means of holding the filament voltage 
within required limits (generally -+-5 per cent), and necessary control switches and protec- 
tive devices. Step-down transformers convert the bus voltage to a value suitable for 
application to the filaments of the tubes. It should be noted that the life of tungsten- 
filament tubes is greatly affected by small changes in voltage. It is advisable, therefore, 
to provide means of adjusting the filament voltage of each such tube independently. The 
filament voltage should be no higher than is required to provide the necessary emission 
current. 

FILAMENT STARTING. The cold resistance of transmitting-tube filaments is gen- 
erally less than a tenth of the hot resistance. Filament-heating currents are usually large 
enough to cause severe mechanical stresses in the filaments and their supports. It is 
necessary, therefore, to limit the filament starting current to a safe value. This is de- 
termined by the designer of the tube and is frequently specified as one and one-half times 
the normal running current. Starting-current limitation is secured either by applying the 
filament voltages in steps, controlled so that the current reaches a steady value before 
the next voltage increment is applied, or by using a current-limiting reactor in the filament 
transformer primary circuit. The necessary reactance may be designed into the filament 
transformer itself, or a separate reactor may be used. This method of limiting filament 
current is preferable since the voltage increase across the filament terminals is smooth and 
is directly controlled by the filament resistance. 

HUM DUE TO FILAMENT CURRENT. The electron stream emitted by the fila- 
ment is affected by the magnetic field set up around the filament by the heating current. 
This effect is a periodic change in the space impedance between the filament and each of 
the other elements of the tube, at twice the frequency of the filament exciting current. 
The magnitude of this effect is a function of the design of the tube. The transmitter 
designer may minimize it either by the use of a tube having a multistrand filament con- 
nected to a two- or three-phase heating source, or by heating the filaments of tubes con- 
nected in pushpull or parallel from different phases of a two- or three-phase power supply. 
Tubes connected in pushpull and delivering power to the load at different parts of the 
audio-frequency cycle should have their filaments heated by currents which are in phase. 
The reduction of ripple obtained by multiphase filament connection will generally be of 
the order of 10 db for a two-phase filament connection and 14 db to 18 db for three-phase. 
The improvement obtained by the use of more than three phases is small, and the in- 
creased sensitivity of the ear to the higher resulting ripple frequency may make the hum 
more objectionable. 

PLATE POWER. Except for emergency or mobile equipment, a-c power supplies are 
generally used. The a-c potential is rectified and filtered to obtain direct current having 
the requisite freedom from ripple. 

TYPES OF RECTIFIERS. Selenium or copper oxide rectifiers are frequently used to 
obtain the relatively low voltages required for bias or for the plate circuits of low power 
tubes. For high-voltage plate supplies, rectifier tubes are employed. These may be of 
several types. The most common are vacuum tubes having a hot cathode emitter and a 
cold plate. To neutralize the space-charge drop, a small quantity of mercury or one of 
the inert gases is introduced into the tube. Other types of rectifier tubes use a pool of 
mercury as the cathode. Electron emission is obtained, either by maintaining an electron 
discharge from a hot spot on the surface of the pool by means of an auxiliary electrode 
excited by a separate power source or by discharging a heavy current through a concen- 
trated point on the surface of the mercury by means of an electrode which just touches 
the surface of the mercury. The first of these two types of tubes has been called the pool- 
type, mercury-arc rectifier; the second is known as the Ignitron. The pool-type tube is 
available for single- or multiphase operation, whereas the Ignitron is commonly a single 
rectifier unit and a number are connected in groups for multiphase operation. The steel- 
tank mercury-are rectifier has been frequently used for high-power applications such as 
railway power supplies. It has also been used to a considerable extent in Europe as a 
source of high voltage for radio transmitters. Because of its relatively high cost and the 
necessity for the provision of considerable auxiliary equipment, it has not been widely 
used in radio transmitters in the United States. 
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25. RECTIFIER CIRCUITS 


Figure 4 shows the common rectifier circuits for Kenotron and mercury-vapor tube 
type rectifiers with their voltage and current conditions. In calculating the d-c output 
voltage, from the ‘‘H# average” given for the circuits shown, the voltage drop across the 
filter choke and the tube drop should be subtracted from H average to arrive at the d-c 
output voltage. The relations hold if a filter choke large enough to insure a constant load 
current is assumed. In practice, such a choke is usually required to obtain adequate ripple 
attenuation. Rectifier tubes and steel-tank rectifiers are rated on the basis of the max- 
imum average plate current they can carry, the duration of the cycle over which the plate 
current flows, and the total voltage to which the tube is subjected during the period when 
it is not passing current. This voltage is known as the peak inverse voltage. In the hot- 
cathode, mercury-vapor tube, the safe peak plate current is also given, since, owing to the 
low internal tub2 drop, dangerously high currents may be passed through the tube, result- 
ing in rapid deterioration of the filaments. 

DOUBLE OUTPUT RECTIFIERS. In many transmitter applications it is desirable 
to provide two plate voltages, one for the low power stages and the other for the output 
amplifiers. If a single rectifier is to be used, the low voltages may be obtained by means of 
dropping resistors. However, if they are equal to or less than one-half the rectifier output 
voltage, one of the rectifier circuits which permits obtaining half-voltage is more economi- 
eal. The single-phase bridge circuit or the three-phase full-wave circuit shown in Fig. 4, 
columns 2 and 5 respectively, may be so used. Half-voltage is obtained from a center tap 
on the secondary of the plate transformer in the single-phase full-wave circuit, or from 
the center of the wye-connected secondaries in the three-phase full-wave circuit. The 
additional transformer kilovolt-amperes required for the half-voltage loads can be com- 
puted by considering the equivalent rectifier circuits, which are the center-tapped circuit 
shown in column 1 for the single-phase rectifier or the three-phase half-wave circuit shown 
in column 3 for the three-phase rectifier. If the amplitude of the current to be supplied 
at half-voltage is an appreciable part of the total, a d-c component of current is produced 
in the secondaries of the high-voltage transformers, in the three-phase rectifier, which 
may seriously affect their operation. The effect of the d-c component may be eliminated 
by using a two-winding secondary for each phase of the wye, connected in broken star. 
It is generally desirable to use separate filters for the two voltage outputs in this type of 
rectifier; otherwise objectionable interaction may result, causing higher ripple voltage 
output than anticipated, or low-frequency feedback oscillation. 

HIGH-VOLTAGE TRANSFORMERS. Transformers used in rectifier service are spe- 
cially designed (see Section 6, article 14), since the insulation requirements and heating 
effects are quite different from those experienced in a-c circuit practice. Secondary wind- 
ing insulation will depend on the type of rectifier circuit used. In the single-phase center- 
tapped secondary circuit shown in column 1, for instance, the center tap of the secondary 
winding is usually at substantially ground potential, whereas in the single-phase full-wave 
circuit shown in column 2 the midpoint of the secondary winding is at a potential equal 
to half the d-c voltage developed by the rectifier. Fault conditions will also seriously 
affect the insulation requirement of the transformer. In any of the circuits in which the 
center tap or midpoint of the wye of the transformer secondaries is connected to ground 
through the filter choke, a short-circuit fault will momentarily cause the full d-c voltage 
to be developed across the filter choke, raising the potential of the center point of the 
transformer secondaries to the full d-c voltage above ground. 

Transformers for three-phase rectifier circuits may be constructed as a single three- 
phase unit, or three separate single-phase transformers may be used. The first cost of 
the unit transformer will generally be lower, but having three single-phase transformers 
permits temporary operation in an open delta circuit if one transformer fails. Trans- 
formers may be obtained for rectifiers rated up to several hundred kilowatts and up to 
10,000 to 15,000 volts d-c output, in either the dry or oil-filled types. Oil-filled trans- 
formers for any power are available, filled with Transil oil or one of the non-inflammable 
oils seld under various trade names, such as Pyranol or Dykanol. The non-inflammable 
oils require special transformer designs, since they will attack some of the insulation 
materials ordinarily used. In installations subject to the rules of the insurance under- 
writers, it is usually necessary that transformers filled with inflammable insulating oil 
be mounted in separate fireproof vaults provided with oil sumps and drains. The size 
of the transformer for which such protection must be provided is determined by its oil 
content and varies in the different states. Local codes should be checked. 

FILTER DESIGN. The design of the filter depends largely on the service for which 
the transmitter is to be used. Telegraph-transmitter filters are designed to the require- 
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ment that the load current may vary at a rate corresponding to the telegraph characters, 
while the filters for telephone transmitters must, usually, be capable of supplying power 
at a very low audio frequency. It is usually necessary first to design the filter to secure 
the desired ratio between the load voltage and ripple voltage and then determine whether 
it fulfils other requirements. 

Let F be the principal ripple frequency. Then F = supply frequency times number of 
rectifier phases. Let x¢ = filter capacitive reactance; xz = filter inductive reactance; 
C = filter capacitance in microfarads, and L = filter inductance in henrys. 

Single stage: 


’ mx 
Per cent ripple = g (1) 
CL — x 
Double stage: : 
MXC 
j ] Da 2 
Per cent ripple Ge aol (2) 


where xc and xz are the capacitive and inductive reactances, respectively, of each of two 
similar stages; m = 70 for single-phase full-wave rectifier, 24 for a three-phase half-wave 
rectifier, and 5 for a three-phase full-wave rectifier. 

Most Economical Filter Design. A single-stage filter is more economical than the 
double-stage type unless an unusually large reduction in ripple is desired, or the frequency 
is low, or low filter choke reactance is necessary, as for a telegraph transmitter. 

Inductance-capacitance Ratio. The ratio between filter inductance and capacitance 
depends on a number of factors. If no other requirements are imposed on the filter than 
ripple reduction, the most economical ratio of L to C may readily be calculated. Ordi- 
narily, however, the LC ratio is fixed by other considerations. If the rectifier tubes are 
worked near their current rating, the extra current flowing through the tube due to the 
impedance of the filter should be checked to determine whether the total tube current is 
excessive. This component of tube current may be calculated as follows: 


i 1 
— rms ripple voltage (3) 


tL — XC 


Filter for Telephone Transmitter. In most telephone transmitters the filter must 
supply an audio component of power, since the time lag through the filter and transformer 
reactances is too great to permit the audio component to be drawn directly from the trans- 
former. The frequency and amplitude of the audio component depend on the type of 
modulation. The relations for the various systems are given below: 

1. Class B Audio: Rectifier is required to supply an audio component having a peak 
value equal to the difference between the no-signal and maximum instantaneous signal 
plate currents of the class B stage at a rate corresponding to twice the lowest transmitted 
audio frequency. 

2. Linear Amplifier and Grid-bias-modulated Amplifier: Rectifier is required to supply 
an audio component having a peak value equal to the unmodulated plate current multi- 
plied by the modulation factor. 

3. Constant-current: No audio component exists in the d-e power source. 

It will be seen from the above considerations that the linear amplifier and the grid-bias- 
modulated amplifier impose the severest restrictions on filter design, while the constant- 
current system requires the filter to supply no audio-frequency power. The class B 
modulator requires some audio power, but the facts that the lowest audio frequency 
existing in the filter is twice the lowest modulating frequency and, further, that the class C 
modulated amplifier is usually supplied from the same source, drawing a steady current in- 
dependent of the modulation frequency, make the filter design somewhat easier in this 
case. 

Linear Amplifier. If we assume a linear amplifier, completely modulated, and it is 
desired to find a suitable filter combination, the following method may be used 
(if 7? > L/C): Let Fo = resonant frequency of L and C; Fa = frequency at which distor- 
tion begins; F = any audio frequency, to be investigated; K = ratio of load voltage at 
peak of audio cycle to unmodulated load voltage; Ka = above ratio at frequency Fag; r = 
load resistance; L = filter inductance; and C = filter capacitance. Then 


k= (4) 


Va +b 


4r? FPR AL? 
T2 


where a = Fy)? — F? and b = 
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2 
Deol (Eh «Pea (5) 


Tr QrF FAK 

Fa = FoV Ka +1 (6) 
L 

Kq=>1= 20 (7) 


Sample Calculation. Assume that a linear amplifier requires an output of 10 kw at 15,000 volts. 
A filter consisting of a 15-henry inductance and 7.5-uf capacitor is provided. Determine the resonant 
frequency of the filter, the value of K at 30 cycles, the frequency at which distortion begins, and K at 
that frequency. 


E? 225 x 108 


= = 22 
W 10,000 ,500 ohms 
L = 15 henrys 
C =7.5 pf = 7.5 X 10-8 farad 
1 a 
Fo= = ——__________—. = 15 cycles per second 
r QnVLC  6.28\/15 X 7.5 X 1078 


F = 30 cycles per second 
a = Fo? — F2 = 225 — 900 = —675 
4n?F2F yk? _ 4X 9.85 X 900 X 50,600 X 225 _ 


b= ; 797 
r 506,000,000 
Ko \Wicie oe = —0.999 
4/465,000 -+ 797 
Rg oo toe a8 = 0.99605 


POs OL OSS IEt SE Sa) iter i tt 
r2C 506,000,000 x 7.5 x 1076 
Fg = 15+/ 0.99605 penis = 21.2 cycles per second 


Thus, it will be seen that, at 30 cycles, the reduction in rectifier voltage at the peak of the audio cycle 
is only 0.1 per cent, and distortion due to the filter circuit will not be encountered at any frequency 
above 21.2 cycles. At this frequency the reduction in voltage is 0.395 per cent. 


Class B Modulator. The same method of calculation may be followed for a class B 
modulator, except that some allowance should be made for the steady d-c component of 
plate current supplying the no-signal plate current for the modulator and the modulated 
r-f amplifier. An approximate method is to find K as above and then to find the actual 
ratio, use the equation K’ = 2 — f(1 — K) — K, where K’ is the ratio of load voltage at 
the crest of an audio cycle to the unmodulated load voltage, corrected for the unmodu- 
lated component of plate current representing the sum of the class C amplifier plate cur- 
rent and the no-signal plate current of the modulator; f is the ratio of peak load current 
to load current without modulation; and K is calculated in the same manner as for a 
linear amplifier. It must also be remembered that only the double frequency component 
of the modulating frequency appears in the rectifier circuit, and so the modulating 
frequency should be doubled when it is used to evaluate Fo, Fa, and F. 

Filter Chokes. Methods of calculation of the inductance required for the filter choke 
are covered in the section on filters. In addition to inductance, it is necessary to specify the 
voltage insulation or type of construction, the d-c current, and the a-c voltage. In normal 
operation the full ripple voltage of the rectifier will appear across the terminals of the 
choke. Its winding insulation must, therefore, be sufficient to withstand this voltage. 
In addition, a short circuit in the load will subject the choke to the full d-c rectifier output 
voltage, so that it must be designed to withstand this strain. The voltage insulation re- 
quired between winding and core for normal operation will be lowest if the choke is con- 
nected between the rectifier and ground. This does not, of course, eliminate the necessity 
for the provision of adequate insulation to take care of load short-circuit. 

Rectifier-tube Operation. The hot-cathode mercury-vapor tube is used in the majority 
of high-voltage rectifiers for radio transmitters. In addition to the limits of peak inverse 
voltage, and peak and average current set up in the rating of each of these types of tubes, 
it is also necessary that the condensed mercury temperature be maintained within specified 
limits. For operation of the tubes at their maximum rated peak inverse voltage, it is 
usually necessary to keep the condensed mercury temperature between the limits of 20 
and 60 deg cent. For temperature ranges extending from 10 to 70 deg cent, the maximum 
peak inverse voltage is frequently halved. To control the condensed mercury tempera- 
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ture a jet of air is directed against a spot on the lower edge of the glass bulb, and the 
temperature of this air stream is occasionally controlled by means of auxiliary heaters. 
It is sometimes desirable to secure additional current capacity by connecting rectifier 
tubes in parallel. Because of the peculiar conduction characteristics of gases, unless such 
tubes are identical the one in which the gas is ionized first will conduct all the current and 
the other will not break down. This condition may be corrected by connecting a small 
center-tapped choke between the two tubes or by connecting a resistance in series with 
each tube so that sufficient potential is available to break down the second tube after the 
first one has started conducting. 

TUBE HEATER DELAY. Most of the hot-cathode mercury-vapor tubes use highly 
efficient shielded cathods or filaments in order to reduce the filament power to a minimum. 
Such cathodes require some time to come up to their operating temperature, and it is 
usually advisable to provide a time-delay relay to prevent the accidental application of 
plate voltage before the cathode has reached its operating temperature. For the same 
reason, and to prevent the adherence of any particles of mercury to the anode or cathode, 
each new tube should be baked out thoroughly before plate potential is applied, and then 
reduced plate voltage should be applied, slowly working up to the normal operating plate 
voltage. Unless these precautions are followed, severe arc-backs may result and the tube 
will be permanently damaged. 

TUBE-FAILURE PREDICTION. Mercury-vapor rectifier tubes almost always fail 
by arcing back, that is, becoming conductive to a voltage of either sign. This condition 
will occur, momentarily, and then clear itself; however, as the tube ages, it happens with 
increasing frequency, until it cannot be tolerated, and the tube must be replaced. Each 
arc-back short-circuits the plate transformer and usually trips the a-c overcurrent relays. 
If a bank of tubes is used in a multiphase rectifier it is difficult to determine by visual 
observation which tube has arced back. Devices which will register the flow of reverse 
current, such as polarized magnetic drops, are sometimes used as indicators. However, 
the short-circuit current is often so great that it will cause the indicators to drop on other 
tubes as well as on the defective one. It is possible to predict with fair accuracy the time 
when a tube may be expected to fail by making a routine check of the arc-drop voltage 
when the tube is carrying rated current. When, on successive readings, separated by 
perhaps 100 hours of normal operation, the are drop is found to be rising rapidly, the 
tube will probably soon fail and should be removed from service. These tests must, of 
course, be made by removing the tube from its operating position, and applying the necessary 
test voltage, which need not be greater than 100 volts. 

RECTIFIER CONTROL SYSTEMS. Since high-power rectifiers must usually be de- 
signed to have low regulation, a fault, in the form of either a short circuit in the load or an 
arc-back in a rectifier tube or tank, may result in dangerously high currents in the system. 
To minimize any trouble resulting from this source, a high-speed breaker should be pro- 
vided in the power transformer primary. The breaker should be controlled by a-c over- 
load relays in each phase of the primary and by a d-c overload relay in the output circuit. 
If a short circuit should occur in the transmitter, the energy stored in the filter will be 
dissipated in the fault even though the primary circuit is cleared instantly. For this 
reason it is advisable to incorporate some series resistance in the load circuit to aid in 
dissipating the filter energy. A resistor of 1 to 5 per cent of the load resistance can usually 
be added with no bad effects. It should be remembered, in designing such a resistor, that 
for a gassy tube or similar fault the load resistance is virtually zero, and all the rectifier 
voltage will, for an instant at least, appear across the protective resistor. This should 
have sufficient thermal capacity to dissipate several times the energy stored in the filter 
and should be insulated to carry the full rectifier voltage across its terminals. As a further 
protection against high voltages across the power transformer secondary in the event of 
an arc-back, it is advisable to connect a spark gap in series with a current-limiting resistor 
between each high-potential secondary terminal and ground. The gap may take the form 
of either a horn or sphere gap and should be set to break down at about 1.5 times the 
normal voltage. 
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RADIO RECEIVERS 


By Vernon D. Landon 


The functions of a radio receiver are to: 

First: Select a desired signal from the heterogeneous signals picked up by the antenna. 

Second: Amplify the radio-frequency signal selected. 

Third: Detect the signal, thereby producing audio-frequency currents. (In the case of 
continuous wave code signals, it is necessary to heterodyne the signal with a local oscillator 
before detecting.) 

Fourth: Amplify the audio-frequency signal. 

Fifth: Reproduce the signal audibly by means of a loud speaker or headphones. 

The parts of a receiver performing the above functions sometimes have overlapping 
duties. For example, the antenna circuit gives some amplification due to resonance and 
has some selectivity. 

The simplest antenna coupling circuit is shown in Fig. 1A, with its equivalent. 74 
and C, are the effective resistance and capacitance of the antenna, and L, and r, are the 
inductance and resistance, of a variable inductor, in the receiver. a is the voltage in- 
duced in the antenna by the incoming signal. The step-up ratio of the circuit is defined 
as the ratio of H, to Ha. At resonance (neglecting that component of H, due to rs, E;/Ea 
= jwL;/r, where r = ra + 7s. The step-up at a frequency other than resonance is E’;/E’a 
= jwL;/z, where z = 7a +73 + j(wls — 1/wC). 

The ratio of the step-up at resonance to that at a frequency differing from resonance 
by a given amount is known as the selectance, or the discrimination ratio, for the given 
frequency difference. A curve of selectance vs. frequency difference is a selectivity curve. 

To a rather close approximation the selectance is equal to S = 1 + j4afaLl/r, where fa 
measures the frequency difference from resonance. Since the only circuit constants in 
this expression are L and 7, the figure L/r is said to determine the selectivity of the circuit. 
The selectivity is not changed by a change of carrier frequency if L/r is kept constant. 

The circuit of Fig. 1A has several disadvantages. The step-up is high and reasonably 
constant over the tuning range, but the selectivity is poor, owing to the large antenna 
resistance in series with the tuned circuit. Also it is very difficult to incorporate in a 
unicontrol tuning system. The circuits of Figs. 1B, 1C, and 1D are more commonly used. 

In 1B a tunable circuit is connected to the antenna through a small coupling condenser 
C,. If C; is quite small (as it is in practice) then the antenna resistance and capacitance 
may be neglected with only a slight error. By the use of Thévenin’s theorem the circuit 
then reduces to that on the right of Fig. 1B. This is a simple series circuit. The step-up 
of such a series circuit, considered by itself, is nearly a constant over the tuning range. 
It is exactly constant if 7; is exactly proportional to the frequency. In practice r; usually 
varies slightly more rapidly than the frequency. However, in this case the input voltage 
varies with frequency. As indicated in the diagram the effective driving voltage E’a 
= H,zC./(Cs; + Cc). Since Cs + Ce is the capacitance which produces resonance, then 
C, + C; is inversely proportional to the square of the frequency. Hence EH’, is directly 
proportional (and the output voltage H#, is also roughly proportional) to the square of the 
frequency. This is the chief disadvantage of this circuit. Its advantages are its good 
selectivity and the ease with which it may be incorporated in a unicontrol tuning system. 

In Fig. 1C the tunable circuit is connected to the antenna through a large inductance. 
If this coupling inductance were quite large the capacitance and resistance of the antenna 
could again be neglected. If the power factors of LZ. and Ls are assumed to be equal a 
transformation involving Thévenin’s theorem gives the equivalent circuit shown. Here, 
since L, and ZL, are constant, the input voltage H, is constant. If all these assumptions 
are correct and 7; is proportional to the frequency, the output voltage H; is also constant. 
In practice there are three effects combining to produce a marked drooping of the step-up 
at the high-frequency end of the tuning range. First, the inductance of L, is usually not 
large enough to make the antenna capacitance negligible. Hence, the effective inductance 
of ZL, and the antenna in series is less at low frequencies. This increases the low-frequency 
step-up. Second, the distributed capacitance of LZ, increases its effective inductance 
most at high frequencies and lowers the high-frequency step-up. Third, the resistance of 
rs usually varies faster than the first power of the frequency, lowering the high-frequency 
step-up. 

An antenna circuit which is often used involves a combination of capacitative and in- 
ductive coupling in order to obtain a flat step-up characteristic. This circuit is shown in 
Fig. 1D, with its equivalent. It may consist of a tuned secondary, of the usual type, 
coupled to a primary of about eight times the secondary inductance. Loose inductive 
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Fig. 1. Antenna Coupling Circuits 
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coupling is used. The capacitative coupling is adjusted to the value required to give the 
desired step-up at the high-frequency end of the tuning range. For uniform and max- 
imum step-up it is essential that the inductive coupling have the proper phase, so that 
the capacitative coupling adds rather than subtracts. To obtain this condition the 
grid and antenna leads must emerge from the transformer with opposite directions of 
rotation. The step-up of such a transformer is practically constant over its tuning range. 
In a transformer for the broadcast band the value of the step-up usually lies between the 
limits of 3 and 10, depending on design constants. If tight coupling is used giving high 
step-up, the penalty is more detuning with changes in antenna constants. This results in 
poor tracking, with the other tuned circuits of the receiver, unless an antenna is used of 
the size for which the circuit was designed. 


26. TYPES OF RECEIVERS 


CRYSTAL DETECTOR RECEIVER. The simplest type of complete receiver is a 
erystal detector circuit such as shown in Fig. 2. The selectivity of this receiver is very 
slight, and amplification is lacking except for that due to resonance. Nevertheless local 
stations can be received. 

For low-impedance crystals, the selectivity of the receiver can be improved by con- 
necting the input to the crystal across a portion of the coil. 


OY 


Fig. 2. Crystal Detector Receiver Fie. 3. Regenerative Receiver 


REGENERATIVE RECEIVER. Figure 3 shows the circuit of a regenerative detector. 
The inductive coupling of the small coil in the plate circuit to the tuning inductance is 
adjustable. When the regenerative feedback is adjusted to a critical value, just less than 
that required to produce self-oscillation, a great amplification of signals results. The 
selectivity curve is much too sharp, resulting in a loss of sidebands, thus unduly impairing 
the fidelity of reproduction. The greatest objection to regenerative receivers is due to 
their ability to oscillate when the feedback is too great. This results in a radiated signal 
which produces very objectionable squeals, or beat notes, in near-by receivers. This type 
of receiver is now illegal. It can be made legal by placing a neutralized stage of r-f amplifi- 
cation ahead, so that it will not radiate when properly shielded. 

Superregeneration of the Blocking Type. If the feedback in Fig. 3 is advanced well 
beyond the point of oscillation, the oscillations become self-modulated. This is due to a 
periodic blocking of the tube. The r-f voltage, rectified by the grid, produces a bias voltage 
across the grid leak sufficient to produce plate current cutoff, and oscillations die out. The 
charge on the grid condenser leaks off, the tube again starts to oscillate, and the blocking 
cycle repeats itself. The frequency of blocking depends partly on the tube but chiefly on 
the time constant of the grid leak and condenser. The higher the frequency of blocking, 
the greater the feedback required to produce the effect. : 

When the frequency of blocking is increased to about the limit of audibility, by decreas- 
ing the values of the grid leak and condenser, the circuit becomes an extremely sensitive 
receiver. It is even more sensitive than the regenerative receiver, and much less critical 
to adjust. The disadvantage is extremely broad tuning. 

The sensitivity to weak signals is due to the fact that an oscillator cannot start oscillat- 
ing in the absence of an impulse to start it. Weak impulses in the form of noise are always 
present. It is only necessary for the signal to exceed the random noise in order to control 
the oscillation. Since the peak amplitude of each block of oscillation is very closely the 
same regardless of signal amplitude, it is difficult to see how audio-frequency signals are 
produced. Probably the effect of the signal is to increase the frequency of blocking by 
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causing oscillation to start sooner each blocking cycle. This decreases the plate current, 
since the tube is cut off a greater percentage of the time. Thus an amplitude-modulated 
signal produces audio-frequency currents, of the modulation frequency. 

Superregeneration Employing One Tube Oscillating at Two Frequencies. Improved 
results over the above can be obtained with the circuit of Fig. 4. The tube of this circuit 

oscillates continuously at the 
Regeneration R.F. Choke quench frequency of about 15 ke, 
drawing grid current at one point 
in each cycle. When not drawing 
grid current the tube and circuit 
are in a suitable condition to os- 
cillate at the frequency of recep- 
tion. However, when only weak 
pulses or signals are present to 
trigger oscillation, the voltage 
does not have time to build up 
to full amplitude before it is 
quenched by grid current. Under 
these conditions the amplitude of 
the r-f voltage on the grid, when 
grid current starts, is propor- 
Fie. 4. One-tube Superregenerative Receiver tional to the actuating signal 
amplitude. 

This circuit has a better signal-noise ratio than the blocking type, but it is almost 
equally broad in tuning. The chief application for these circuits is for reception at very 
high frequencies. For this use the broadness of tuning is frequently an advantage, help- 
ing to find and hold the signal. 

THE TUNED RADIO-FREQUENCY RECEIVER. A tuned r-f receiver consists of 
several stages of tuned r-f amplification followed by a detector and audio amplifier. 

Regeneration in Multistage Amplifiers. In a multistage tuned r-f amplifier, if capaci- 
tance exists between control grid and plate, regeneration will result. In fact, coupling of 
any sort between any two stages of an amplifier will result in regeneration, or oscillation, 
depending on the degree of coupling. 

Resistance Stabilization. Since regeneration is equivalent to adding negative resist- 
ance, its effects may be largely counterbalanced, at a given frequency, by adding re- 
sistance to the input circuit. This added resistance should not be placed from grid to 
filament if it is desired to counteract regeneration over the whole tuning range with a 
fixed value of resistance. The regeneration is much more severe at the high-frequency 
end of the tuning range. Hence, it is desirable to place the added resistance in such a 
position that it will have its greatest effect at high frequencies. This is accomplished by 
placing the resistance in series with the grid. 

The Tuned R-f Receiver with Resistance Stabilization. Figure 5 is the schematic 
circuit diagram for a complete battery-operated receiver, employing an untuned antenna 
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Fig. 5. Tuned R-f Receiver, Resistance Stabilized 


circuit, and three r-f transformers, with resistance stabilization. Such a receiver would 
oscillate without the presence of resistors 7; and re. When these resistors are given the 
proper value (usually about 800 ohms) the effects of regeneration may be approximately 
counterbalanced over the entire tuning range. In order to flatten the sensitivity curve 
the resistors are usually made large enough to overcompensate for the regeneration at 
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high frequencies. For this reason the tuning is unduly broad at high frequencies, in this 
type of receiver. 

The Neutralized Receiver. Another method of eliminating oscillation is by the use of 
neutralization. (See p. 7-29.) Receivers employing two and three stages of tuned 
amplification with capacitance neutralization were quite popular before the development 
of the screen-grid tube. 

The Tuned R-f Receiver Employing Screen-grid Tubes. When screen-grid tubes are 
employed in a multistage tuned amplifier, regeneration of the type discussed above is not 
observed. The presence of the screen grid, between control grid and plate, reduces the grid 
plate capacitance to such a low value that regeneration is appreciable only when the stage 
gain is extremely high. 

Nevertheless, it is necessary to take many other precautions to avoid oscillation if the 
overall gain is very great. 

Other Sources of Regeneration. Coupling of any sort, between any two stages of the 
receiver, may give rise to serious regeneration. Coupling between adjacent stages is not 
as serious as between circuits which are one or more stages removed from each other. 
Capacitative, or inductive, coupling causes oscillation with equal facility because of the 
change in phase obtainable by tuning the intervening circuits. Incomplete shielding of 
grid and plate leads is one of the most prevalent sources of regeneration. 

When the overall gain is high, the mutual inductance of the various sections of the 
gang tuning condenser becomes troublesome. Owing to the use of a common rotor shaft 
this coupling cannot be completely eliminated. It can be reduced to a satisfactorily low 
value by careful design. It is general practice to use several wiping contacts on the rotor 
shaft. The ground leads from the tuning inductances are brought separately to different. 
terminals on the wiping contacts, to avoid the coupling of a common ground lead. 

Objectionable coupling is often caused by the use of common voltage supplies for the 
cathode, screen, or plate circuits. This trouble can be eliminated by the use of small 
decoupling resistors in series with the voltage supply leads for each tube and with separate 
by-pass condensers. 

THE SUPERHETERODYNE RECEIVER. The tuned r-f receiver requires extreme 
care to avoid oscillation, because of the high overall gain required at radio frequency. 
To avoid this the superheterodyne type of receiver, in which unduly high gain is not 
required at any frequency, is used. Part of the required amplification is obtained at the 
radio frequency and part at an intermediate frequency. This makes stabilization rela- 
tively easy. 

The essential idea of the superheterodyne receiver is to amplify all signals at the same 
fixed frequency. The essential component parts are the preselector, the frequency con- 
verter, the intermediate-frequency amplifier, the audio amplifier, and the loud speaker. 
A typical receiver of this type is shown in Fig. 6. 

The Preselector. The preselector consists of an antenna input circuit with, or without, 
one or more tuned r-f amplifier stages. 

The operating characteristics of the preselector are identical with those of corresponding 
units in a tuned r-f receiver. 

The preselector assists in producing discrimination against signals on adjacent fre- 
quencies, but the intermediate-frequency amplifier is so much more effective for this 
purpose that the use of the preselector is not warranted for this alone. Its essential func- 
tion is the elimination of undesired responses at frequencies widely different from that of 
resonance. 

The Frequency Converter. Frequency conversion is obtained by the use of the first 
detector and oscillator. In most receivers, the oscillator operates at a frequency higher 
than the signal frequency. The difference in frequency is the intermediate frequency. 
Voltage from the oscillator and from the signal is fed to the first detector, and the output 
is amplified in the i-f amplifier. Previous to 1933, a majority of receivers employed sep- 
arate tubes for the oscillator and first detector, usually using a circuit in which the oscilla- 
tor voltage was fed to the first detector cathode. A majority of modern receivers employ 
a single tube in which the two functions are combined. An example of this type of tube is 
the 2A7, used in the circuit of Fig. 6. 

Combined First Detector and Oscillator. In the 2A7 tube the first two grids, adjacent. 
to the cathode, comprise the oscillator elements. The voltage fluctuations of the first grid 
control the electron stream, not only to the oscillator plate (called second grid for con- 
venience although it includes only two vertical rods), but also that to the remainder of the 
elements. The current arriving at the output plate of the tube consists of pulses, at the 
frequency of the oscillator. The amplitude of these pulses may be varied by the control 
grid. The remaining grid, or screen, acts as a shield between the oscillator elements and 
the control grid and output plate. It also screens the control grid from the output plate. 
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The component at the difference between oscillator and signal frequency corresponds 
to the intermediate frequency; it is selected and amplified by the i-f amplifier. 

Tracking. One of the most important problems of superheterodyne design is tuning 
the oscillator and the preselectors with a gang tuning condenser. The problem is to main- 
tain the oscillator at a uniformly higher frequency than the preselector, as the preselector 
is tuned over the frequency band. The frequency difference must remain equal to the 
intermediate frequency. Since the oscillator is operated at a higher frequency than the 
preselector, it has a tendency to change frequency too rapidly. 

One method of correcting this is to specially shape the rotor plate of the tuning con- 
denser which is used in the oscillator section of the gang tuning condenser. Another 
method is by means of fixed condensers in series and shunt with the oscillator tuning 
condenser. These reduce the rate of change of frequency. When the two auxiliary con- 
densers and the oscillator inductance have the proper value, the oscillator frequency 
deviates only slightly from that desired, as shown in Fig. 7. 
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Figure 8 is a curve which is useful in determining the proper values for the oscillator 
inductance and the capacitances to obtain the best tracking with the preselector. In the 
curve: a is the ratio of oscillator tuning inductance to the secondary inductance of the 
r-f transformer; C’; is the value of the oscillator series condenser; Cy is the difference be- 
tween the oscillator trimmer capacitance and the r-f transformer trimmer capacitance. 

Values of Cs, Cy, and a are plotted against intermediate frequency. The lower abscissa 
scale is used, assuming that the range to be covered is 550 to 1500 ke. For other ranges the 
upper abscissa scale should be used. The curve is for the condition of 400 uuf total circuit 
capacitance at the low-frequency end of the range. If the maximum capacitance is 
changed, C; and Cy change in the same ratio, while a remains unchanged. 

The Intermediate-frequency Amplifier. The i-f amplifier consists of one or more stages 
of amplification following the first detector. The tuning is- fixed at the intermediate 
frequency. Usually two coupled circuits are used in each i-f transformer. The frequency 
chosen usually lies between 100 and 500 ke per sec. High gain and good selectivity are 
easily obtained at these frequencies, particularly towards the lower of the two values. 

The Diode Pentode Tube. In the circuit of Fig. 6, the fourth tube is a combination 
of a diode and a pentode in a common envelope. The diode and pentode together serve as 
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detector and audio amplifier. This combination tube may replace two separate tubes in 
all circuits except those requiring different d-c cathode potentials. » ab 

Undesired Responses. Although the superheterodyne has many advantages, it is sub- 
ject to a number of undesired responses and interfering beat notes which do not occur 
in a tuned r-f receiver. However, careful design minimizes these difficulties. 

The Image Response. The most important undesired response in a superheterodyne 
is known as the ‘‘image.”’ As explained above, the intermediate frequency is the difference 
between the signal frequency and the oscillator frequency. The oscillator is operated 
above the signal frequency. However, i-f signals are produced equally well by a beat 
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Fie. 8. Proper Values of Oscillator Inductance and Capacitances for Best Tracking with the Preselector 


between the oscillator and a signal which is above the oscillator in frequency. The first 
detector is equally responsive to signals at either of these two frequencies. The only 
means of selecting the desired (lower frequency) of these two response points and attenu- 
ating the other is by means of the preselector. The higher the frequency of the interme- 
diate amplifier, the greater the frequency separation of the desired signal and the image 
response; hence, the image response ratio is greater for a high intermediate frequency. 
With an intermediate frequency of 175 ke, the ratio of the sensitivity at the desired response 
to that at the undesired response can be made about 1000 at the high-frequency end of the 
broadcast range and about 10,000 at the low-frequency end. Although higher intermediate 
frequencies give higher image response ratios, other difficulties may develop from their 
use, as described below. , 

Harmonics of the Intermediate Frequency. Another source of difficulty which may 
be present in the superheterodyne is a beat note which occurs when reception is attempted 
at a frequency corresponding to a harmonic of the intermediate frequency. The reason 
for this beat note is that the second detector produces these i-f harmonics. If a very small 
amount of coupling exists between the second detector circuit and the antenna, or the r-f 
transformer, the i-f harmonic beats with the incoming signal producing a disagreeable 
squeal. 
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The higher the order of the harmonic the less its amplitude in the detector circuit. 
Hence it is easier to suppress the beat note due to higher-order harmonics than that due 
to the second and third harmonics. The highest intermediate frequency which can be 
used if the third harmonic is to be kept outside of the broadcast frequency band is 175 
ke. This accounts for the great popularity of this figure. When higher intermediate 
frequencies are used, such as 450 ke, the severity of the harmonics in the broadcast band 
is increased, but the number of interference points is reduced from five to two. By very 
careful shielding, the beat notes resulting from these harmonics may be almost completely 
eliminated. The greatest difficulty is obtained with the second harmonic. 

Other Responses. The above are the most important of the undesired responses, but 
many other types occasionally give trouble. For example, two broadcasting stations may 
beat together to produce i-f signals independent of the local oscillator. Harmonics of the 
oscillator may beat with signals of various frequencies and with their harmonics, ete. A 
good preselector is the best insurance against all these. 

ALL-WAVE RECEIVERS. The popularity of short waves increased very rapidly 
during 1933 and 1934. For this reason most of the commercial entertainment receivers 
now include provision for the reception of frequencies other than the standard broadcast 
band. Many of these receivers employ the name “all-wave,’’ but this is a misnomer as 
none of these receivers cover the whole r-f spectrum. The circuit of a typical receiver of 
this kind is shown in Fig. 9. The circuit is entirely conventional, except that the preselec- 
tor transformers and the oscillator transformers may be switched to any one of the five 
bands which it covers. 

The r-f transformers for the low-frequency bands are purposely designed with restricted 
gain, so as to maintain approximately uniform sensitivity on all bands. This is necessary, 
because the gain obtainable in a single stage is limited to a low value at high frequencies. 

RECEPTION OF CONTINUOUS WAVE CODE SIGNALS. In the reception of un- 
modulated code signals it is necessary to supply a local oscillator to produce an audible 
beat note with the incoming signal. In the regenerative detector circuit of Fig. 3 it is only 
necessary to advance the tickler to a point just beyond where oscillation starts in order 
to receive this type of signal. The regenerative detector may be preceded by one or more 
stages of tuned r-f amplification to increase the sensitivity. 

The circuits of Figs. 5, 6, and 9 may be used to receive code signals by the addition of 
an external oscillator. In the tuned r-f receiver the oscillator must be tuned to beat with 
the signal directly. Hence it must be tunable over the receiving frequency range. With < 
superheterodyne the local oscillator may beat with the signal at the intermediate frequency. 
Hence its tuning may be fixed. The oscillator should be coupled weakly to the detector 
input circuit. 

TUNING INDICATORS. Because radio stations are not always modulating, it is 
somewhat advantageous to have a visual indication of resonance, rather than to depend 
on audio output as a check on the accuracy of tuning. There are many different methods 
for accomplishing this. One of the simplest is to place a milliammeter in the B supply 
lead to one of the r-f amplifier tubes which is subjected to automatic volume control. The 
stronger the signal, the higher the bias on this tube, and the lower its plate current. Hence 
the deflection of the needle downward from its peak value at no signal is a good indication 
of signal strength and of the accuracy of tuning. 
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AUTOMATIC VOLUME CONTROL. The circuit connections for automatic volume 
control are shown in Fig. 6. The diode second detector develops a d-c voltage which is so 
connected as to increase the bias on the amplifier tubes with increased signal strength. 
The result of this connection is that strong signals produce only slightly greater audio 
response than weak ones. In Fig. 10 the audio output of a typical receiver is plotted 
against signal strength for maximum, and for a reduced manual volume control setting. 
A manual volume control, such as that shown in the diode circuit, is necessary to adjust 
the level of sound volume. After this adjustment is made signals come in at approximately 
the same volume. One of the important advantages of automatic volume control is a 
reduction of the effect of fading signals. 


27. FIDELITY CHARACTERISTICS 


The circuits affecting the fidelity characteristics are: the r-f amplifier, the automatic 
volume control circuit, the audio amplifier, the tone control, the output transformer, and 
the loudspeaker. The effect 
of the loudspeaker is not 
included in the curve of 
Fig. 11. Loudspeaker char- 
acteristics are discussed in 
Section 6. 

The overall fidelity curve 
of Fig. 11 is the product of 
the fidelity curves of the 
component parts of the re- 
ceiver. 

EFFECT OF R-F CIR- 

CUITS ON FIDELITY. 
The r-f circuits affect the 
fidelity curve by cutting the 
high-frequency response. 
The modulation on a signal 0 
consists of continuous wave 30 4050 70 100 200 300 5007001000 20003000 4000 
signals (called sidebands) Frequency in Cycles per Second 
on frequencies adjacent Fie. 11. Fidelity Curves Showing Effect of Tone Control 
to the carrier frequency. 
These sidebands differ in frequency from the carrier by the value of the modulation fre- 
quency. The selectivity curve of the r-f and i-f amplifier shows quite appreciable decrease 
at only 2 or 3 ke from resonance. Hence the fidelity curve indicates this same decrease of 
the high audio frequencies. 

THE EFFECT OF THE AUTOMATIC VOLUME CONTROL ON THE FIDELITY. 
The automatic volume control reduces the effects of fading, delivering to the detector a 
signal having only slight variations in amplitude, in spite of the wide fluctuations of 
signal amplitude on the antenna. In a similar manner the amplitude fluctuations of the 
signal, corresponding to low-frequency modulation, may be almost completely wiped out 
if the action of the automatic volume control is too fast. The action of this circuit may 
be slowed down by increasing the values of the resistors and by-pass condensers in the 
return leads of the tuning inductances. If the action is too slow the delay becomes notice- 
able to the ear. Shocks of static then blot out appreciable portions of the program, and the 
change in volume when tuning in stations may be noticeably slow. For this reason the 
time constant should be low enough so that there is a small but appreciable effect on the 
low-frequency portion of the fidelity curve. 

THE RESISTANCE-COUPLED AUDIO AMPLIFIER. In Fig. 6 the diode section 
of the diode-pentode is resistance-coupled to the pentode section. Also, the pentode is 
resistance-coupled to the output tube. Neglecting the slight effect of the grid leak, the 
gain of a resistance-coupled amplifier is the ratio of the voltages applied to the grids of the 
preceding tube and the following tube. It is equal to H:/H, = ur/(rp + 7), where pz 
is the amplification factor of the tube, 7 is the load resistance, and rp is the plate impedance 
of the tube. Or, if the plate impedance is very high, H2/H#, = smr, where sm is the trans- 
conductance (or mutual conductance) of the tube at the operating voltages. 

These formulas neglect ‘shunt capacitance and the coupling capacitance. At high 
frequencies the shunt (plate-filament, grid-filament, and other) capacitances affect the 
result. The response is attenuated to 70 per cent of the mid-range value, at the frequency 
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where the shunt capacitative reactance is equal to the effective resistance of r and rp in 
parallel. ; 

At low frequencies the coupling capacitance reduces the gain. The response drops to 
70 per cent at the frequency where the reactance of the coupling capacitor is equal to the 
resistance of the grid leak. The effect of the diode resistance-coupling circuit may be 
calculated in a similar manner. 

TONE CONTROL. The above paragraphs neglect the effect on the fidelity, of R-16 
and C-24 (in Fig. 6), which constitute the tone control. At the maximum setting of the 
variable resistor the effect of these two units 
is very slight. However, when the control 
is turned back, high frequencies are pro- 
gressively attenuated. A fidelity curve at 
maximum and minimum tone control setting 
is given in Fig. 11. 

The major use of the tone control is to 
improve the apparent signal to noise ratio. 
Noise is usually uniformly distributed over 
the audio-frequency spectrum, while the 
signal energy is chiefly contained in its 
lower frequency components. Hence when 
the tone control is turned back the signal is 
reduced by a smaller percentage than the 
noise. 

The tone control may also sometimes be used to improve faulty fidelity in the trans- 
mitted signal. 

THE EFFECT OF AUDIO TRANSFORMERS ON THE FIDELITY. Audio trans- 
formers of either the interstage or output type affect the fidelity by cutting both the 
high- and low-frequency response. However, the degree may be largely controlled by 
design. (See pp. 6-13 to 6-25.) 

COMPENSATED VOLUME CONTROL. To the human ear the apparent loudness 
of sound at various frequencies changes at a different rate as the amplitude of the sound 
waves is changed. This makes it desirable to accentuate low frequencies and high fre- 
quencies when the volume control is turned down. A circuit employed to accomplish 
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Fie. 12. Compensated Volume Control Circuit 
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this is given in Fig. 12. Figure 13 gives the fidelity curve of a receiver incorporating this 
circuit. A receiver employing compensated volume control has a more natural sound at 
all volume levels. 

NOISE SUPPRESSION. When automatic volume control is employed with a re- 
ceiver of high sensitivity, the receiver automatically goes to full sensitivity when tuned 
between stations. The results are disagreeably strong reproduction of the static and 
general interference, which is always present in the background at any frequency. In 
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order to make tuning more pleasant, circuits of various types have been developed for 
cutting off the audio amplifier in the absence of a signal carrier. One popular circuit for 
this purpose is shown in Fig. 14. 

When no signal is present, no current flows in the diode circuit. Hence, no bias voltage 
is applied to the grid of V2 and maximum plate current flows through 72. The voltage 
developed across rz biases V3 to cutoff so that it cannot amplify. The audio signals from 
interfering noises cannot pass this point. When an r-f signal is present, current flows in 
the diode circuit producing d-c and a-c voltages across the diode circuit resistor. The 
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Fig. 14. Noise Suppressor Circuit 


d-c voltage biases V2 to cutoff. There is then no voltage drop across 72, so V3 operates 
with normal bias. V3; then functions as an amplifier for the audio-frequency voltage 
applied to its grid through C4. 


28. RANDOM NOISE 


Random noise (sometimes called fluctuation noise or Johnson noise) is a fundamental 
form of interference which prevents the satisfactory reception of signals below a certain 
level. 

Random noise comes from two sources, thermal agitation in circuit acute and 
shot effect in vacuum tubes. Thermal-agitation noise comes from the random motion of 
electrons in a conductor due to its temperature. The open-circuit rms noise voltage across 
a resistor is 


E, = V4KTr Af (1) 


where K = Boltzmann’s constant = 1.37 X 10~°3 joule per degree Kelvin. 
T = absolute temperature in degrees Kelvin. 
r = value of the resistance in ohms. 
Af = the effective noise bandwidth of the instrument used to measure the voltage. 


Since the effects of shot noise are indistinguishable from those of thermal noise, it is 
customary to measure the shot noise of a vacuum tube in terms of the equivalent noise 
grid resistance. This is defined as the value of external grid resistance required to double 
the noise power output of the tube over that with the grid shorted. The value for a 
triode is approximately, 

3 
gee 
Tea zm (2) 
where gm is the transconductance of the tube. The value for a pentode is approximately 
four times as high.* 

Noise Factor. The ‘“‘available power” of a signal generator is the power delivered to 
a load resistance under the condition of an impedance match. Thus the available noise 
power of a resistance considered as a noise generator is: 


Bye 
‘Ar 
If the resistance 7 is the impedance of a receiving antenna, and if no other noise sources 


existed, then a signal noise ratio of unity would be obtained when the signal power avail- 
able from the antenna was KT Af. This is the (unattainable) ideal which can never be 


= KT Af (3) 


*B. J. Thompson, D. O. North, and W. A. Harris, Fluctuations in Space-charge-limited Currents 
at Moderately High Frequencies, RCA Rev., Vol. IV, No. 3 (January 1940). 
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improved upon. Actually other noise sources always exist, so that the signal required 
for unity signal noise ratio is always greater than KT Af. The ratio by which it is greater 
is called the noise factor. This ratio is usually expressed in decibels. Below 100 Me re- 
ceivers can be built that have a noise factor only a few decibels above thermal. Above 
500 Me, 10 db above thermal is considered good. 

The test for ‘noise factor’ is not yet accepted by the Institute of Radio Engineers as 
a standard test, but its use by the armed services during World War II became so wide- 
spread that its adoption as a standard seems inevitable. 

The Nature of Random Noise. Random noise may be considered to be made up of 
an infinite number of sinusoidal components of different frequency. The amplitude of 
any single frequency component is infinitesimal, but in any finite bandwidth the rms 
voltage is proportional to the square root of the bandwidth though independent of the 
mean frequency. 

Distribution of Amplitude. The actual voltage at any instant cannot be predicted, 
but an accurate statistical prediction can be made of the fraction of the time, taken over 
a long period, that the voltage will exceed any given value. This fraction of the time is 
identical with the probability that the given voltage V will be exceeded at a given instant 


and is equal to 
1 w We 
va — exp (- x) dV * (4) 
EV 20 J, 2H? 


where E is the rms voltage of the noise. 

Distribution of Envelope Amplitude vs. Time. If the bandwidth of the circuit pass- 
ing the noise is small compared to the mean frequency, then the amplitude never changes 
abruptly from one cycle to the next. Thus, in a graph of the wave, if the peaks of adjacent 
cycles are connected with a smooth line the resulting line is the envelope of the wave and 
is a function varying much more slowly than the wave itself. The probability that the 
envelope will exceed a certain value A at any instant is 


Puretern ($4) t (65) 


The Values of Various Averages.t The average absolute value of the voltage is: 
V = 0.798E. 

The mean value of the envelope is: A = 1.252E. 

The root mean square deviation of the envelope from its mean value is: 


A, = 0.655# (6) 


The root mean square value of the envelope is: Arms = /2E. 
The most probable value of the envelope is: Ap = +2. 
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RADIO TRANSMITTERS 


By J. E. Young 


A radio transmitter is defined as a device for producing r-f power for purposes of radio 
transmission. It also contains means of modulating or varying that r-f power, designated 
as the carrier wave, in correspondence to the intelligence it is desired to transmit. Tele- 
vision transmitters or others using the pulse technique, as well as those employing fre- 
quency modulation, are discussed in other sections. See Sections 8, 9, and 20. This sec- 
tion will be concerned with broadcast and communications transmitters employing ampli- 
tude modulation. 


*V. D. Landon, The Distribution of Amplitude with Time in Fluctuation Noise, Proc. I.R.E., 
Vol. 29, No. 2, pp. 50-55 (February 1941). 

} K. A. Norton and V. D. Landon, Discussion on ‘‘The Distribution of Amplitude with Time in 
Fluctuation Noise,’’ Proc. I.R.E., Bol. 30, No. 9 (September 1942). 
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NATIONAL AND INTERNATIONAL REGULATIONS. Since radio communication, 
broadcast or point-to-point, involves transmission through a common medium, it has 
been necessary to set up national and international rules defining the frequencies, or chan- 
nels, frequency tolerance, and type of emission for all radio stations. In addition, the 
Federal Communications Commission has set up national rules and standards governing 
frequency assignments, transmitter power, time when testing is permitted, specifications 
of performance regarding distortion, noise, and fidelity, grades of operators to be em- 
ployed, etc., for all types of radio transmission. Other agencies, particularly the Radio 
Manuiacturers Association, have been active in setting up recommended standards of 
performance and uniform methods of writing specifications and testing for various classes 
of transmitters. 

RADIO TRANSMITTER—SCOPE. The transmitter is usually considered to consist 
of all audio equipment operating above standard telephone-practice levels, and all r-f 
equipment from the source of the r-f oscillations to the transmission line connecting the 
transmitter to the antenna. Within the equipment defined by these limits is contained 
sufficient audio-frequency amplification to raise the input signal to a level high enough to 
perform the function of modulation, r-f amplification and multiplication to raise the 
‘power level and frequency of the r-f oscillations to the output level, and the necessary 
power supplies for these circuits. The function and application of vacuum tubes to these 
elements of the radio transmitter are discussed in other articles of this section; only cer- 
tain general aspects of design and performance will be covered here. 

FREQUENCY CONTROL. The requirements of frequency stability are virtually 
always too severe to permit modulating (including c-w keying) an oscillator used as a 
direct source of antenna power. The usual practice is to use a low-power oscillator, sep- 
arated from the modulated amplifier by a sufficient number of stages to prevent interac- 
tion caused by changes in impedance of the modulated stage resulting from the processes 
of modulation or other variations in load. 

For transmitters operating on fixed frequencies, quartz crystals are commonly used as 
the frequency-determining element. A frequency stability of 10 parts per million is quite 
easily achieved with a quartz-crystal-controlled oscillator in which the temperature of 
the quartz plate is not permitted to vary more than +1 deg cent. 

Some types of transmitters, particularly those used for military applications, operate 
on frequencies which may frequently be changed. For these applications quartz crystals 
are not practical and a master oscillator in which the tuned circuit is the frequency-de- 
termining element is employed. Such oscillators, having as much as 2:1 frequency 
range, may be designed to have a frequency stability better than 1 part in 10,000 for 
moderate variations of temperature, humidity, and power supply voltages. 

OSCILLATOR POWER. It is possible to design crystal-controlled oscillators which 
will produce several hundred watts of output power; however, such oscillators are difficult 
to adjust and somewhat less stable than those of lower power output. It is better design 
practice to use a crystal oscillator which has only a few watts of output, followed by high- 
gain shielded-grid amplifiers, to achieve maximum frequency stability, and, in keyed- 
oscillator circuits, freedom from chirps and frequency creepage. This practice also per- 
mits the use of small crystals mounted in compact holders, since the crystal dissipates 
very little heat. 
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The intermediate-r-f amplifier stages perform the triple function of increasing the power 
level of the frequency-controlled oscillator, multiplying its frequency, if required, and 
acting as a buffer between the modulated amplifier and the oscillator. In the interest of 
simplicity, intermediate amplifier stages usually employ high-gain, multigrid tubes so that 
it is not uncommon to attain all three of these objectives with one or two intermediate 
amplifier stages. In high-level modulated and telegraph transmitters the intermediate 
amplifiers are operated class C. In low-level modulated transmitters the intermediate 
amplifier stages following the modulated stage must reproduce the audio-modulated 
envelope and must, therefore, be operated as class B r-f amplifiers. (See p. 7-22.) 

INTERSTAGE COUPLING CIRCUITS. Amplitude-modulated transmitters are rarely 
used at frequencies above 40 Mc. Up to this frequency no special precautions are ordi- 
narily required in interstage circuits. In general, it is desirable to make the circuits as 
simple as possible to avoid dangerous multiple resonances and parasitics. Typical coup- 
ling circuits for shielded-grid tubes are shown in Fig. 1. Note that the grid leak is not 
by-passed and that grid and plate feed circuits are dissimilar. It frequently happens 
that the input resistance of the driven amplifier is so low that the r-f choke in series with 
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the grid leak may be eliminated without appreciably affecting the driver power output. 
This should always be done where calculations so indicate, since a possible parasitic circuit 
is thereby eliminated. For the same reason it is desirable to use the voltage obtained by 
the flow of rectified grid current through a resistor as grid bias rather than to obtain this 
voltage from a separate source. Protection against excessive plate dissipation, if the 
excitation fails, may be obtained by the use of sufficient cathode bias. 


+B -C 
Fig. 1. Interstage Coupling Circuits 


CIRCUIT Q, or KVA/KW RATIO. Unmodulated intermediate amplifier stages are 
not critical with respect to interstage coupling circuit Q, although it is desirable that the 
circuit, looking from the grid of the driven tube, be of high enough Q to insure sinusoidal 
wave shape in spite of the variable-impedance characteristic of the grid, as it is driven 
positive. Unfortunately, in the grounded filament circuits, the voltage relations are such 
that the driving tube puts energy into the coupling circuit almost 180° away from the 
time when it is absorbed by the grid of the driven amplifier. The energy storage must be 
sufficient to take care of this condition. The wave shape will be adequate if the circuit 
Q is greater than 10, unless the driven tube grid impedance at the peak of the positive 
grid swing is extraordinarily low. Unless the driving stage is modulated, even higher 
values of Q are useful and desirable, provided the concomittant coupling circuit losses are 
not thereby made excessive. 

HARMONIC AMPLIFIERS. Because of special considerations, such as crystal ac- 
tivity, stability, etc., frequency multiplication is ordinarily employed where the carrier 
frequency is higher than 10 Mc. The necessary multiplication is accomplished in the inter- 
mediate amplifier stages. The multiplication through any one amplifier stage may be 
from twice to as high as five times. The plate efficiency of the amplifier tube is very 
nearly inversely proportional to the order of multiplication, if the most favorable condi- 
tions of loading and open angle of plate current are chosen for each multiplication. Be- 
cause of the relatively low efficiency obtained when multiplying five times, this amount of 
multiplication is rarely used in any one stage. Because of the generally poorer plate-circuit 
efficiency, multiplication is usually accomplished at low power level, followed by amplifiers 
tuned to the output frequency, to boost the power level as required. 
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Optimum Angle of Current Flow. The term ‘angle of current flow’ represents the 
portion of the grid voltage cycle during which plate current flows, expressed in degrees. 
The optimum angle of current flow depends on how nearly the plate-current plate-voltage 
characteristic conforms to the 3/9 relation, and for a 3/2 characteristic may be shown to be 
approximately 130° to develop maximum second-harmonic voltage in the plate circuit, 
85° for the third, 65° for the fourth, and 50° for the fifth. The angle of current flow is 
given by the relation cos ; = ee 

g& 

of the excitation frequency, EH, is the grid bias, Ho the projected cutoff bias, and E, the 
grid excitation voltage. Negative bias voltages should be written in as negative numbers. 
Calculation will show that an open angle of 60° may be obtained with a bias voltage of 
not less than ten times cutoff bias. As the open angle is further restricted, the required 
bias voltage increases rapidly. It is not usually economical to use an open angle of plate 
current flow of less than 60° or to attempt to raise the frequency more than four times 
through a single amplifier stage. This does not hold true where the output power required 
is small, as in frequency-measurement work, where only milliwatts of power are usually 
required, and where the frequency may be multiplied many times. 


, where @ is the angle of current flow in degrees 
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Power amplifiers may be either grid- or plate-circuit modulated. (See Modulators, 
pp. 7-73 and 7-74.) If the former, the power amplifier must be so operated as to reproduce 
accurately in its plate circuit an r-f envelope having the same wave shape as that of the 
excitation voltage. This may be accomplished by using either a linear amplifier or a 
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Fie. 2. Typical R-f Amplifier 


high-efficiency Doherty amplifier. The latter circuit utilizes linear amplifiers in pairs 
and provides for dynamic changes in drive and loading so that the average plate-circuit 
efficiency is several times that which may be obtained with a conventional amplifier. 
Two circuit paths are provided; in the first, the amplifier tube is adjusted to operate at 
the upper knee of its dynamic characteristic. Between its plate circuit and the load is 
connected a 90° phase-shifting network. The second tube is biased so that its plate cur- 
rent is almost zero under carrier conditions. As the drive increases during the positive 
excursions of the modulation cycle, the plate current of this tube, and its power output, 
increase in the same manner as an overbiased linear amplifier. The effective load resist- 
ance seen at the output of the 90° network connected in the plate circuit of the first tube 
increases as the second tube supplies power to the load. Because of the familiar impedance 
characteristic of the 90° network, this results in a reduction in resistance at the input 
terminals of this network. Therefore, the effective load resistance of the first amplifier is 
reduced and its power output is proportionately increased. Thus, at the peak of the 
positive excursion of the driving voltage, the power output of the first tube is doubled, 
because of its increased loading, and the output of the second tube is increased in the 
familiar fashion of a linear amplifier, so that it is also twice the carrier output. The total 
power output of the amplifier is thus four times the carrier level, fulfilling the condition 
for 100 per cent upward modulation. On the downward excursion of the modulation 
cycle the second amplifier is biased off completely, and the first amplifier functions as a 
conventional linear amplifier. 
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The envelope wave-form distortion resulting from the use of the Doherty amplifier is 

usually too great to be tolerable in high-fidelity systems. This defect may be remedied 
by applying overall feedback from the output terminals of the amplifier, through an r-f 
rectifier back into the audio-frequency amplifier circuits at some convenient point. 
f Amplifiers employing plate-circuit modulation are termed “high level.” In practice 
the amplifier is operated class C, and the energy to perform the modulation function is: 
provided by a class B modulator. (See Modulators, p. 7-74.) High-level amplifier 
output circuits must provide the necessary impedance transformation between the plate 
circuit of the tubes and the load and in addition must provide sufficient r-f harmonic at- 
tenuation to prevent excessive harmonic radiation. In practice, the Q of the output tank 
circuit is generally made quite low, from 4 to 8 for single-ended amplifiers, and additional 
harmonic attenuation is obtained, if necessary, by a low-pass filter inserted between the 
terminals of the amplifier and its load. A typical amplifier circuit employing shunt neu- 
tralization is shown in Fig. 2. 

The high-level, modulated amplifier has the advantage that it is simple to adjust and 
uncritical in its operation. In addition, its quiescent (carrier level) efficiency is very high. 
Since the average percentage of modulation rarely exceeds 15 per cent in broadcast. 
operation, the quiescent: efficiency is a most important consideration in the economics of 
transmitter operation. 

R-F HARMONIC RADIATION. Under the present conditions of crowded frequency 
assignments throughout the r-f spectrum, the first few multiples of the transmitter fre- 
quency—the frequencies that contain most of the harmonic energy—will often interfere 
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with some other radio service. Thus, because of a particular interference problem, one 
harmonic often must be reduced far more than the rest. The problem should first be 
analyzed, by making measurements to ascertain definitely that the interfering signal re- 
sults from direct radiation from the station or its antenna. It frequently happens that a 
wire or metal surface located near the point of interference, or even the receiving antenna 
itself, is picking up energy from the transmitter and through the agency of an oxide- 
covered joint is itself producing the harmonic signal. This may be checked by field-in- 
tensity measurements made at a series of points on a line from the transmitter to the 
point of interference. Peaks in the harmonic signal intensity will be observed in the vicinity 
of such harmonic generators. The remedy is obvious but not always simple. Very often,, 
however, a single guywire or other metal object having dimensions comparable to the 
wavelength in question will be found to be the source of the interfering signal. 

The field-intensity meter may also be used to determine whether the interfering har- 
menic is radiated from the transmitter directly or from the transmitting antenna, if the 
two are sufficiently separated so that a directional fix may be obtained. If the radiation 
appears to be from the antenna, the signal energy may be carried by the transmission 


line from the transmitter to the antenna, or it may again result from rectification, either _ 


at an oxidized metal joint or at a tube rectifier, such as is used for remote antenna cur- 
rent reading or feedback. If the antenna rectifier is the offender the trouble may be cured 
by connecting a low-pass filter, designed to cut off just above the transmitter frequency, 


pao the rectifier and the point where it picks up its energy from the transmitter 
output. 
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If the interfering signal emanates from the transmitter and is carried to the antenna by 
the transmission line, a trap, consisting of a circuit parallel-resonant to the harmonic, in 
series with the transmission line, and a circuit series-resonant to the harmonic in shunt 
with the line, will usually result in sufficient attenuation to eliminate the interference. 
Such a circuit may be designed so that its insertion will not affect the transmitter per- 
formance at its fundamental frequency, and it is preferably constructed so that the tuning 
of at least the shunt arm is variable, to permit exact adjustment to the harmonic fre- 
quency. Figure 3 shows one typical circuit. 

If a balanced transmission line is used, the trap circuits should be symmetrical, with 
their center taps grounded to prevent in-phase transmission of the harmonic along the 
transmission line wires. 

If the directional fix indicates that the transmitter itself is radiating the interfering 

signal, it may be necessary to resort to complete shielding to eliminate the trouble. More 
frequently, sufficient improvement will be obtained by other minor design changes, such 
as better grounding, more direct return of plate tank lead to filament of power amplifier 
or elimination of stray capacitance coupling between plate and output connection. 
» NEGATIVE FEEDBACK. The distortion, noise, and frequency characteristics of a 
telephone transmitter may be considerably improved by the application of negative feed- 
back over all or part of the system. Two general methods of use of negative feedback 
are common. In transmitters using low-level modulation, followed by linear amplifiers, 
feedback voltage is derived from an r-f rectifier coupled to the output of the power am- 
plifier. This signal, of the proper amplitude to secure the desired feedback, is introduced 
into one of the audio-frequency amplifier stages. Since the r-f rectifier is in the 8 loop of 
the feedback circuit, noise or distortion generated in it will appear in the ouput of the 
transmitter. It must, therefore, be carefully designed to reproduce accurately the audio 
envelope of the output r-f signal. 

One difficulty frequently encountered in the application of this type of feedback to 
broadcast transmitters is that the transmitter antenna also functions as a receiving an- 
tenna for signals from other broadcast stations. Sufficient voltage may be developed 
in the circuit to which the feedback rectifier is connected by another broadcasting station, 
located in the immediate vicinity, to generate a series of cross-modulation products in 
the rectifier. Any of these new frequencies lying within the pass band of the @ and B 
loops of the audio system will produce sidebands which will be radiated by the antenna 
and may cause serious interference. Such effects may be greatly reduced by installing 
a trap tuned to the frequency of the other station in the antenna system beyond the pick- 
up point for the feedback rectifier. Care must be used in designing such traps that they 
do not cause sufficient phase shift to alter the phase-shift attenuation characteristic of the 
transmitter seriously or instability may result. 

The negative feedback will correct for distortion and noise, but only so long as there is 
reserve capability in the system to effect the correction. For example, it cannot correct 
for the distortion arising from overmodulation and, in fact, by introducing high-order 
harmonics back into the circuit may actually increase the distortion if the system capabil- 
ities are exceeded. 

Since it is possible to keep the distortion of high-level modulated amplifiers down to a 
fraction of a per cent by the methods discussed under Modulators, p. 7-74, negative 
feedback is usually applied over the audio system, only, in this type of transmitter. This 
eliminates the need for the r-f rectifier and largely eliminates the effect of the output 
amplifier tank and load circuits on the performance of the feedback loop. The feedback 
voltage is usually obtained from a voltage divider, connected between the plate of each 
modulator tube and ground. The divider consists of capacitors, shunted by resistors. 
These elements are proportioned so that their impedances are equal at a frequency of 
approximately 100 cycles per second. The advantage of this type of divider over simple 
resistances is mainly that the operation of the circuit is unaffected by the capacitance of 
the leads connecting the network to the low-level audio- amplifier stage. Some improve- 
ment in the phase characteristic is also secured. 

The use of feedback permits high-efficiency linear amplifiers to be used in services such 
as broadcasting, where low distortion and low noise level are essential. In high-level 
transmitters, feedback, applied over the audio system, including the modulator, effects a 
large reduction in noise and distortion and reduces performance variations due to non- 
uniformity of parts and tubes. It also improves the modulator efficiency, permitting the 
no-signal plate current to be reduced substantially to zero. 
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31. AUDIO AMPLIFIERS 


Broadcast transmitters are, by industry agreement, provided with enough audio gain to 
produce 100 per cent sine-wave modulation with an audio input level of +10 db (1 milli- 
watt reference level) at an impedance of 600/150 ohms. Special-purpose transmitters 
may include more gain, although it is usually advisable to limit the gain so an input signal 
of at least —20 db is required. If enough gain is to be included in a transmitter to accept 
a lower signal level, special shielding and filtering precautions are advisable to prevent 
objectionable feedback. 

Limiting amplifiers are generally used. A limiting stage may be designed into the audio 
system of the transmitter, or an external line amplifier of the limiting-compressing type 
may be used. Even in the latter case it is advisable to design one of the transmitter audio 
stages so that positive modulation greater than 125 per cent is impossible, regardless of 
the input signal level. Owing to switching transients or accidents, input levels 10 to 20 db 
above 100 per cent modulation are bound to occur, and, unless they are prevented from 
reaching the high-power amplifier by an absolute safeguard (such as driving the plate 
current of an audio stage to cutoff), serious damage may result. 

Many special features are incorporated in audio systems to meet the requirements of 
particular services. Some of these are: automatic gain control, for circuits subject to 
wide variations in level; pre-emphasis of high audio frequencies, used on conjunction with 
complementary de-emphasis in the receiver to reduce noise; and scramblers which invert 
or otherwise distort speech, making it unintelligible unless a receiver provided with a com- 
plementary restorer is used. 


32. TELEGRAPH TRANSMITTERS 


For point-to-point transmission, telegraph code signals are often employed, since it is 
generally possible to secure 100 per cent transmission with a much weaker signal when 
telegraph is used instead of voice. Transmission may be accomplished either by tone 
modulation, which directly replaces the voice transmission, by keying the carrier wave 
directly (usually by overbiasing one of the intermediate amplifiers), or by shifting the 
frequency of the carrier. The last method may be accomplished by shifting the carrier 
a few hundred cycles back and forth at an audio rate and keying the audio signal or by 
shifting the carrier between two fixed frequencies, several hundred cycles apart, one cor- 
responding to the ‘“‘mark’”’ and the other the ‘‘space.’’ Both these systems are akin to 
frequency modulation and provide some advantage in noise suppression and diversity 
effect without the complication of diversity receivers. 


33. INSTALLATION OF RADIO TRANSMITTERS 


TRANSMITTER TESTING. A great deal of test equipment is now available, making 
it possible to examine conveniently all phases of the performance of a transmitter. Tests 
generally performed are as follows: 

1. Circuit check—by means of click meter, ohmmeter, etc., to be sure that wiring has 
been done in conformance with wiring diagrams. 

2. Control circuit check. Without tubes in any circuits, check the functioning of line 
switches, starters, time delay relays, overload relays, interlocks, and circuit breakers. 
No-load voltages of filament transformers may be checked at this time. 

3. Transformer voltages. With filament circuits energized and tubes in place, check 
filament voltages, transformer tap settings, range of primary voltage control, functioning 
of air blower and/or water-cooling system. 

4. Operational check. With all circuits tuned and functioning normally, check voltages 
and currents on all elements of all tubes. Check for instability and parasitic oscillation. 

5. Modulation characteristics. Under normal operating conditions, check audio har- 
monic distortion at various modulation levels and at modulating frequencies throughout 
the normal frequency-transmission range. The same test equipment is required for 
measurement of the frequency characteristic, and residual noise level, so these tests should 
be performed at the same time. Figure 4 shows the equipment set-up required for this 
test. 

6. Power output. This test should be performed using loads representing the high- 
and low-limit load impedances which the transmitter may be required to feed. To obtain 
accurate power checks, the load resistance should be accurately measured and the load 
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current determined by means of an accurate r-f ammeter; or the calorimetric method of 
power measurement may be used, in which the increase in heat content of water used to 
cool the dummy load is measured. The temperature rise of the water in degrees centigrade 
multiplied by the number of gallons flowing per minute multiplied by the constant 264 
will be equal to the number of watts of power dissipated in the load. 

7. Heat run. The transmitter should be run under conditions of normal operation for 
a period long enough for all components to reach approximately constant temperature. 
The procedure set up by the RMA committee on amplitude-modulated broadcast trans- 
mitters is a good example of how such a test should be run: 

“The transmitter shall be operated (at rated power output) ...long enough for all 
components to attain temperature stability; that is, until the hourly increment does not 
exceed 5 per cent of the total change under the following conditions:...The carrier 
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should be continuously modulated by a 1000-cycle sine wave. The audio input level to 
the transmitter shall be approximately 10 db below that corresponding to 100 per cent 
modulation for not more than 98 per cent of the duration of the run and not less than 
10 db above that corresponding to 100 per cent modulation for the remainder of the time.’’ * 

Temperature rise measurements of motor or generator windings, transformer windings, 
etc., should be made by the hot-cold resistance method, in which the resistance and tem- 
perature of the winding are measured after the unit has been out of operation long enough 
to reach a uniform, stable temperature. The resistance at the end of the heat run is then 
measured, and the rise in temperature is computed by the formula: 


= —— — —— - 7, 


temperature at which cold resistance was measured. 


TT, = 

T, = ambient temperature at end of heat run. 

R, = resistance at 74. 

R, = resistance at end of heat run. 

T = rise of winding temperature above final ambient. 


8. Harmonic radiation. If the transmitter is tested using a dummy load, it is possible 
to make a rough check on harmonic intensity by coupling a field-intensity meter to the 
load through an attenuator, shielding the field-intensity meter so that all its pick-up is 
derived from the load. However, since dummy loads rarely ever even approximate the 
impedance characteristic of an actual radiating antenna system, such tests are of little 
quantitative value, and more satisfactory results will be secured if these measurements 
can be made on an actual field installation. 


*See Radio Manufacturers Association, Engineering Department, Standards Proposal 172, Elec- 
trical Performance Standards for Standard Broadcast Transmitters, 
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9. Incidental phase modulation. Instruments which will measure the degree of phase 
modulation at frequencies below 40 Me are seldom available. The development of com- 
mercial equipment operating in the 88-108 Mc band for the purpose of measuring the 
percentage of modulation of f-m broadcast stations, however, makes a handy tool availa- 
ble for this purpose. The signal to be measured is multiplied up to a frequency within 
the range of the meter by low-power harmonic amplifiers, and, since the meter is cali- 
brated in terms of a 75-ke swing, the actual swing may be measured, and then converted 
into degrees of phase modulation, and divided by the multiplication ratio to determine 
the actual amount of phase modulation at the transmitter carrier frequency. 

10. Telegraph transmitter tests. In addition to the above tests, measurements are 
made on the character of the keyed pulses of telegraph transmitters. The shape of the 
keying wave, build-up, transients, breaks, etc., may be observed or photographed on the 
face of a cathode-ray tube which has one pair of plates connected to a sample of the r-f 
output of the transmitter, and the other pair excited by a sweep voltage which is prefer- 
ably adjusted to synchronize the picture of the keyed pulse on the screen. The mark-to- 
space ratio may be calculated by measuring the d-c current output of a rectifier energized 
from the r-f output of the transmitter. The percentage of mark-to-carrier is given by the 
ratio of the d-c current during keying to the current with key closed continuously. If the 
former is designated Jy, and the latter Jc, the mark-to-space ratio is 


Iu 
Ic — Iu 

LOW-POWER TRANSMITTERS. Modern transmitters having a power output of 
1 kw or less are usually designed as completely self-contained units. It is, accordingly, 
only necessary to provide power line, audio input, antenna or transmission line, and any 
necessary external monitor connections. Such transmitters are usually designed to 
operate from either a 115-volt or a 230-volt single-phase a-c source. Power and audio 
circuits may be conveniently brought into the transmitter through either conduits or 
trenches; trenches permit somewhat greater flexibility for future change or modification. 
External wiring and switching should be installed in accordance with fire insurance under- 
writers’ specifications. Ground wires should be connected by as short a run as possible 
to a low-resistance ground, either the antenna ground system if any portion of it is in- 
stalled near the transmitter or a separate ground consisting of copper plates buried in 
moist soil. Antenna leads or transmission lines should be insulated, not only for the 
normal operating potentials but also sufficiently well to protect against induced voltages 
caused by lightning hits. A protective gap connected between antenna and ground will 
discharge heavy induced charges. 

HIGH-POWER TRANSMITTERS. High-power transmitters are usually designed so 
that the equipment is segregated in accordance with a functional grouping, so that the 
low-power audio-frequency equipment, for example, is well isolated from the high-power 
r-f amplifiers. Each of these elements has somewhat unique installation problems and 
will be considered separately. 

Audio Equipment. If the transmitter is located some distance from the originating 
point of the transmitted intelligence and connected to that point by telephone line or 
radio relay, it is necessary to provide line terminating equipment to match the telephone 
line properly and to restore the signal, attenuated by the line, to its original amplitude. 
The necessary pads, line equalizers, line amplifier, together with the percentage-modula- 
tion meter and transmitter-frequency monitor, are usually mounted in a standard tele- 
phone-type rack in the operating room where they may be conveniently observed by the 
transmitter operator. It is not ordinarily necessary to provide additional external shield- 
ing for this equipment; however, it is necessary that it be adequately grounded through a 
low-impedance and, preferably, separate ground lead. The incoming audio-frequency 
circuits and the power supply wiring to the amplifiers should be carefully isolated from 
each other, preferably by running in separate conduits, or, if in a common trench, by run- 
ning the audio circuits in conduit. Audio-frequency circuits should use twisted pair 
enclosed in a tight external shield. 

Low-power Intermediate-radio-frequency Amplifiers. This portion of the equipment 
resembles a low-power transmitter and requires no special comment beyond the points 
already touched upon under that heading. 

High-power Amplifier and Modulator. The installation of these units requires careful 
planning since they must be installed so that they may be conveniently serviced and so 
that the required high voltages, cooling air and/or water, and r-f output connections may 
be conveniently made. Because of the relative simplicity and ease of maintenance, the 
trend in design of high-power amplifiers has been toward the use of air cooling to dissipate 
the heat generated in the plate circuits of the r-f amplifiers. For these transmitters provi- 
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sion must be made for an intake for several thousand cubic feet of air per minute, and 
means must be provided to exhaust this air after it has absorbed the heat developed in 
the power amplifier tubes. Filters should be provided either in the transmitter or in the 
air inlet. The exhaust air is frequently piped through ducts out of the transmitter into a 
mixing chamber where it may either be diverted into the hot air heating system for the 
building or exhausted outside. Because of the large volume of air required, the inlet duct 
is frequently installed in the floor below the transmitter. It is possible to use this duct 
also to carry interconnecting wiring out, but, because of the danger of a rapidly spreading 
fire in case of an accidental short circuit in this wiring, this practice is not advisable. 

Interconnecting wiring between the transmitter units should preferably be carried in 
separate raceways which may be located in the building floor or arranged as troughs on 
the side of the transmitter cubicles. All such raceways should be arranged so that they 
may be conveniently opened for cleaning purposes and to permit changes in wiring as 
required. 

The r-f amplifier should be provided with a low-impedance ground connection pref- 
erably in the form of a wide copper strap connected directly to a ground consisting either 
of buried metal plates or a connection to the antenna ground system, if it is contiguous 
to the transmitter building. 

Rectifier and Power Equipment. It is desirable that the rectifier tubes be located so 
that they may be observed by the operator at his normal position during the operation of 
the equipment. Rectifier transformers, however, should be located either in a separate 
vault or in a transformer yard, enclosed by a grill or fence outside the transmitter house. 
Fire insurance underwriters’ rules should be consulted and closely followed since these 
rules differ from state to state and usually cover the installation of this type of equipment 
in some detail. 

SUBSTATION. The power line terminal equipment will ordinarily be supplied by 
the power company having contracted to supply power. This equipment will include any 
transformers necessary to change the voltage from the power company distribution voltage 
to the voltage required at the transmitter terminals, together with necessary circuit dis- 
connects, circuit breakers, lightning protectors, and metering equipment. To reduce the 
possibility of outages resulting from a failure of the power supply, it is advisable, if pos- 
sible, to provide for power feeds from two separate sources. Automatic equipment is 
available which will switch from one line to the other in the event of a voltage failure. 
To secure maximum advantage from such an emergency power supply, the transmitter 
control circuit should be arranged so that a 1- or 2-sec voltage failure will not necessitate a 
complete restarting cycle. Either manual or, preferably, automatic reapplication of 
plate voltage should be provided after a no-voltage drop out, provided, for most rectifier 
tubes, that such drop out does not exceed 2-sec duration. 
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FREQUENCY-MODULATION SYSTEMS 


By R. D. Duncan, Jr. 


In frequency-modulation systems intelligence is communicated by variation of the 
frequency or phase of the transmitted wave instead of its strength (as is done in ampli- 
tude modulation). Frequency modulation is used for broadcasting, for fixed-to-mobile 
stations, and for one- or two-way communication in services such as police, public-utility 
maintenance, and forest patrol. It is being introduced into the truck, bus, taxicab, and 
railroad fields. So-called ‘“‘studio-transmitter link’? equipment, which provides a one- 
way radio connection in lieu of telephone lines between the broadcast studio and a remote 
f-m transmitter, utilizes frequency modulation. 

During the war, frequency modulation was much used in long-distance relay service, 
and it is also used in domestic microwave relay service. It is employed in the allied fields 
of facsimile and television broadcasting. In the latter, it provides the sound channel and 
has been employed for relay operation. It has also been experimentally used for power- 
line carrier current communication. 

Frequency modulation is not well adapted to circuits subject to multipath transmis- 
sion effects since serious distortion results from the simultaneous reception of several 
signals differing slightly in phase. 


1. FUNDAMENTAL RELATIONS 


The modulating signal in frequency modulation causes the carrier frequency to be 
systematically varied above and below the unmodulated value, the extent of the varia- 
tion being determined by the strength of the signal. The number of times a second the 
frequency is so varied is determined by the frequency of the signal. 

This process of variation of the carrier frequency produces additional frequency com- 
ponents, called sidebands, which lie both above and below the unmodulated carrier fre- 
quency. Theoretically, there are an infinite number of such upper and lower sidebands 
which differ in frequency from the carrier by the value of the modulating frequency or 
frequencies and integral multiples thereof. However, their amplitudes decrease rapidly 
as they exceed in frequency value the upper and lower limits of the maximum frequency 
swing imparted to the carrier so that satisfactory reception can be achieved by a trans- 
mitting and receiving pass band somewhat greater than twice this maximum swing. An 
important characteristic of frequency modulation is that the amplitude of the carrier 
component as well as of the sideband components is determined by both the amplitude 
of the modulating signal and by its frequency, or, in the case of a complex wave form, by 
its component frequencies. 

Another distinctive feature of frequency modulation is that, theoretically, the power 
contained in the carrier and the infinite number of sideband components is a constant 
vaiue. That is, the transmitted power remains unchanged during the modulation if the 
circuits are such as to transmit all the sideband frequencies. Practically, since only side- 
bands within and just greater than the maximum frequency swing are transmitted, there 
will be slight power variation during modulation, or a small amount of amplitude change 
or modulation will accompany frequency modulation. 

SINGLE-FREQUENCY MODULATION. A consideration of single-frequency modula- 
tion will serve to illustrate the essential fundamental characteristics of frequency modula- 
tion and the difference between it and phase modulation (see article 8-2 for methods of 
generating frequency and phase modulation). 

When the modulating signal is a single-frequency component, the expression for a f-m 
voltage may be written in the form 


etm = E cos (wt + 2 sin pt) (1) 
8-02 
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where H = the maximum amplitude. 
w = 2 m times the unmodulated carrier frequency. 
p = 2 7 times the modulating frequency. 
Aw = 2 m times the peak frequency swing of the carrier. 


The corresponding expression for a p-m voltage is 
€p-m = E cos (wt + A@ sin pt) (2) 


where A@ is the maximum phase or angle variation. 

The difference between the two expressions is the (sin pf) term. For frequency modula- 
tion the maximum phase or angle excursion is directly proportional to the peak frequency 
swing, i.e., to the strength of the modulating signal, and inversely proportional to the 
value of the modulating frequency, whereas for phase modulation, it is proportional only 
to the strength of the modulating signal and is independent of its frequency. 

A physical conception of the difference between frequency and phase modulation may 
be had from Fig. 1. This shows a voltage vector H which without modulation during an 
interval of time t has rotated counterclockwise through an angle 

- (wt). If it is assumed that an observer boards the vector, as it 
were, so as to rotate with it, and modulation is applied, all that 
will be noticed is a rocking back and forth of the vector through 
the angle (+A@), or a rotation first in one direction and then 
in the other through the angle (:A@), which may greatly ex- 
ceed 360 deg. If the modulation is purely frequency type, it 
will be noted that, with a fixed signal strength, the maximum 
angular excursion will be greater for the low modulating fre- 
quencies than for the high ones. If modulation is of the phase 
type, no difference in the maximum excursion of the vector 
will be noted for any modulating frequency. If the modu- EririenV clince Vector awith: 
lating frequency remains fixed, there is no way of determin- Phase Modulation 
ing whether modulation is frequency type or phase type. 

If amplitude modulation is also present, a slow periodic shortening and lengthening of 
the vector would be noticed. 

In the discussion on the mathematical equivalent of discriminator action (p. 8-09) it is 
shown that the mathematical equivalent of f-m detection is to take the first differential, 
with respect to time, of the variable angle through which the vector is rotating. For eqs. 
(1) and (2) this angle is the argument of the cosine function. Doing this, the two follow- 
ing expressions result. 

For frequency modulation 


d A 
5, (at + <© sin pt) = w + Aw cos pt (3) 
For phase modulation 
d 
i (wt + A@ sin pt) = w + pAO@ cos pt (4) 


The recovered signal is proportional to the periodic term in (3) and (4). For f-m recep- 
tion, the maximum value of the signal is proportional to the extent of frequency swing 
and is independent of the value of the modulating frequency. For f-m reception of a 
phase-modulated wave, the maximum value of the signal increases directly with increas- 
ing modulating frequency. By incorporating frequency-distorting circuits at the trans- 
uitter or at the receiver, phase modulation may be converted into frequency modulation, 
or vice versa. 

The ratio Aw/p of Eq. (1) for frequency modulation was originally termed the ‘‘devia- 
tion ratio” but is now referred to as the ‘“‘modulation index,” the last terminology also 
applying to the angle A@ in eq. (2). 

The modulation index Aw/p plays an important part in the theory of noise suppression 
in f-m systems and involves the circuit characteristics of both the transmitter and re- 
ceiver. The FCC has established +75,000 cycles (Aw = 27 X 75,000) as 100 per cent 
modulation for an f-m broadcast transmitter, with a channel band width of 200,000 
cycles. It requires that the transmitter be capable of sustaining this maximum peak 
frequency swing for any aural modulating frequency between 50 and 15,000 cycles, with- 
out exceeding certain specified levels of harmonic distortion. 

For this maximum peak frequency swing, the modulation index Aw/p would have a 
value of 5 for a modulating frequency of 15,000 cycles and a value of 1500 for 50 cycles. 
There would be five upper and lower sidebands within the overall swing band for the 
higher modulating frequency and a maximum of 1500 sidebands for the lower frequency. 
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The standard for 100 per cent modulation for the sound channel of television broad- 
casting is +25,000 cycles with the same aural frequency band as f-m broadcasting. It is 
suggested in the Standards, however, that the f-m transmitter be designed for satisfactory 
operation at a peak swing of +40,000 cycles. In the case of point-to-point communica- 
tion services, such as police, the maximum overall swing band specified by the FCC is 
three-quarters of the channel band. For the 30-50 megacycle band, one of the several 
allocated for these services, the channel width is 40,000 cycles, for which the overall swing 
band would be 30,000 cycles; 100 per cent modulation would then be +15,000 cycles. 
Assuming 3000 cycles as the maximum modulating frequency, the modulation index would 
be 5. 

Substituting (P) for the ratio Aw/p in eq. (1) and for A@ in eq. (2), the equivalent side- 
band form of expression may be written as follows: 

e = ElJo(P) cos wt — Ji(P) cos (w — p)t + Ji(P) cos (w + p)t 

+ Jo(P) cos (w — 2p)t + Jo(P) cos (w + 2p)t 

— J3(P) cos (w — 3p)t + J3(P) cos (w + 3p)t (5) 

+ J4(P) cos (w — 4p)t + J4(P) cos (w + 4p)t 

— Js(P) cos (w — 5p) t + Js(P) cos (w + Sp)t 

8 Sie 

+ Jn(P)(—1)” cos (w — np)t + Jn(P) cos (w + np)t] 
The coefficients Jo(P), Ji:(P), Jo(P) +++ Jn(P) are Bessel functions of the first kind, of 
order 1, 2--- n, and argument (P). Values of the argument (P) for frequency modula- 
tion, as is shown later on, may vary from approximately 1 radian to the order of 1500 
radians. For phase modulation, the maximum value for broadcasting is 5 radians. 


For high values of the argument (P), the approximate value of a particular order Bessel 
function may be computed from the expression (see also Section 1). 


2 Tm T 
Jn(P) = ys cos [ 3 =| (6) 

Values of Bessel functions here involved, of zero order, for integral values of the argu- 
ment from 1 through 9, and for orders 1 through 44, corresponding to integral values of 
the argument of 1 through 29, are to be found in the book, Tables of Functions by Jahnke 
and Emde. Values corresponding to decimal values of the argument, increasing by incre- 
ments of 0.2 from 0.2 through 6.0, and in increments of 0.5 from 6.5 through 16.0 for 
orders zero through 18, are given in British Association for the Advancement of Science, 
Reports on the State of Science, 1915, 
on The Calculation of Mathematical 
Tables, pp. 28-33. 

For large values of the argument, the 
reader is referred to Tables of Bessel 
Functions Jn(x) for Large Arguments 
by M. S. Corrington and W. Miehle, 
Journal of Mathematics and Physics 
(M.I.T.), Vol. 24, 30 (February 1945). 
Argument values are presented in vari- 
ous incremental groupings, extending 
from 29 through 300, corresponding to 
orders zero through 10. Values of the 
specific function J,(1000) corresponding 
to order values of 935 through 1035 in- 
creasing by steps of 1 are givenin Tables 
of Bessel Functions J,(1000) by M. S. 
' Corrington, Journal of Mathematics and 

012345 6 7 8 9 10111213141516 Physics (M.I.T.), Vol. 24, 144 (No- 


Modulation index (P) vember, 1945) 
(a) The first ten orders of the Bessel 
Fre. 2a. Modulation Index (P) function coefficients of eq. (5) are plotted 


in Fig. 2. These curves show that, 
depending upon the value of the argument (P) or modulation indices, Aw/p or 
Aé, the different order Bessel functions have both positive and negative values 
and therefore pass through zero. The amplitude of any sideband component and 
also of the carrier may be zero, that is, may be entirely missing from the f-m or p-m wave. 
As is shown later on, this characteristic as it relates to the carrier component provides a 
basis for measuring the extent of frequency swing or the degree of frequency modulation. 
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Further illustrative of the relative amplitudes of the carrier and sideband components 
and the frequency spread, as indicated in eq. (5), values of the first ten order Bessel func- 
tions are given in Table 1 for six values of the argument from 0.3 to 5. It is observed that 
for values of the modulation index of 0.5 and less the amplitudes of the sidebands beyond 
the first do not exceed approximately 3 per cent of the carrier. For a modulation index 
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Fie. 2c. Modulation Index (P) 
of 1.5, the third order sideband is approximately 12 per cent, and the fourth order, 2 per 


cent, of the carrier. For values of 3 and 5 for the modulation index, all sidebands beyond 
the sixth and eighth respectively are less than 1 per cent of the carrier amplitude. 


Table 1. Values of Bessel Functions 


Argument or Modulation Index (P) 
Order 
ue OP) = 083 C2) = 03 @2) = TO (y= 1-5 C30 (P) = 5.0 
0 +0.9770 +0.9380 +0.7650 +0.5050 — 0.26010 — 0.17760 
1 +0. 1490 +0.2410 +0. 4401 +0. 5600 +0. 33910 — 0.32760 
2 +0.0112 +0.0300 +0.1149 +0. 2330 +0. 48610 +0.04657 
5 +0.0006 +0.0025 +0.0195 +0.0615 +0.30910 +0. 36480 
4 +0.0024 +0.0113 +0. 13200 +0.39120 
5 +0.04303 +0.26110 
6 +0.01139 +0. 13100 
7 +0.00254 +0.05338 
8 +0.01840 
9 +0.00250 


Equation (5) with Fig. 3 illustrates additional differences between frequency and phase 
modulation. Figure 3 (a) shows a carrier and sideband components for a modulation 
index equal to 5 radians, and for a modulating frequency of 15,000 cycles. All the com- 
ponents in this and the accompanying figures are plotted as positive regardless of their 
polarity. For a modulation index of 5 and a frequency of 15,000 cycles, the peak carrier 
frequency swing is 75,000 cycles. Figures 3(b) and (c) are for this same peak frequency 
swing; (b) is for an aural frequency of 10,000 cycles and a modulation index of 7.5, and 
(c) an aural frequency of 5000 cycles and modulation index of 15. Figures 3(d) and (e) 
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are for a fixed value of the modulation index of 5; (d) is for an aural frequency of 10,000 
cycles and a peak frequency swing of 50,000 cycles, and (e) for a 5000-cycle aural frequency 
and a 25,000-cycle peak frequency swing. Figure 3(a) is representative of both frequency 
and phase modulation. Figures 3(b) and (c) are representative of frequency modulation 
and Fig. 3(d) and (e) of phase modulation. ; 

For frequency modulation a decrease in the modulating frequency with a fixed peak 
frequency swing increases the peak angle swing, alters the respective values of the carrier 
and sideband components, increases the number of important sidebands within the fre- 
quency swing band, and bunches the sidebands lying just outside of the swing band closer 


Aw=2T x 75,000; (P) =5; p=27 x 15,000 
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Fie. 3. Sideband Distribution for FM and PM 


to the peak swing limits. For the three aural frequencies considered, the first three side- 
bands lying just beyond the swing limits, the outer one of which is less than 5 per cent 
in value of the unmodulated carrier, occupy frequency spaces of respectively 45,000, 
25,000 and 15,000 cycles. 

Going to an extremely low modulating frequency, for example, 75 cycles, there would 
be a maximum of 1000 upper and lower sidebands within the swing band with some 
appreciable out-of-band components bunched relatively close to the swing limits. Math- 
ematical analysis of this particular case has shown that the fifteenth out-of-band com- 
ponent which would be displaced by 1125 cycles beyond the swing limits is approximately 
1 per cent in amplitude of that of the unmodulated carrier, with the further outlying side- 
bands rapidly approaching zero. 

It is to be concluded for frequency modulation that (a) for a given energy content the 
higher modulating frequencies require a somewhat greater band-pass range from a circuit 
design standpoint and (b) with decreasing modulating frequency the required band-pass 
range approaches the overall frequency swing band in width. This last explains why only 
the actual swing band need be considered when the frequency is varied at a very slow 
rate, for example, by manual change of the capacitance of an oscillator, even though varia- 
tion is over a relatively large range. It also explains why steady-state analysis, under the 
assumption of a sinusoidal frequency variation at a low rate, may be employed in the 
study of f-m circuits yielding results which, when properly interpreted, are sufficiently 
accurate for design purposes (see article 2-8). 

Furthermore the fact that in the usual speech or music programs the energy of these 


high-frequency tones is quite low keeps the modulation low and hence the magnitude of 
harmonics of higher order. 
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The practical result of these factors is that f-m systems work very well with the pass 
band only slightly greater than the swing band. 

In the case of phase modulation, decreasing the modulating frequency, with a fixed 
phase swing, decreases the overall frequency swing, that is, bunches all sidebands closer 
together, but alters neither the number of sidebands, their respective amplitudes, nor the 
amplitude of the carrier. 

If eq. (5) represents an f-m voltage wave, the rms value is given by 


is 1 
Erms = 75 [ ver) + IRR) + 2I2(P) + 22(P) + 2IAP) + 2WI2(P) ++ hi ie 


The theory of Bessel functions shows that the quantity in the brackets approaches unity 
as the number of terms becomes large. That is, the rms voltage of an f-m wave or the 
power transmitted remains substantially at a constant value regardless of the extent of 
modulation if a sufficient number of sidebands are present. 

TWO-FREQUENCY MODULATION. Corresponding to eq. (1), the expression for 
two-frequency modulation may be written in the form 


A A 
etm = FE cos (wt + = sin pt + a sin qt) (8) 


where H, w, p, and Aw have the same meanings as before and q = 27 times the second 
modulating frequency. The equivalent sideband form of this expression is given by eq. 
(9), in which, as before, (P) = Aw/p is the modulation index of the p/2m frequency, and 
(Q), substituted for Aw/q, is the modulation index of the g/2m frequency. For simplifica- 
tion, this expansion is limited to the third-order Bessel functions of the two arguments. 

The result of two-frequency modulation is the production of major sidebands involving 
each of the two frequencies and, in addition, other sidebands involving the sums and dif- 
ferences of the two frequencies and integral multiples of the same in different combina- 
tions. The amplitudes of all sidebands are products of pairs of Bessel functions. Since, 
for finite values of the argument, the values of all Bessel functions are less than unity, the 
product of any pair will be less than the individual value of either of the pair. The change 
from single- to two-frequency modulation thus greatly increases the number of sideband 
components and the frequency spread or space occupied. However, the amplitudes of 
all sidebands have been decreased in value so that, while the frequency spread has in- 
creased, the outer sidebands have very low amplitudes. 

A similar situation holds when more modulating components are added. That is, in 
going from a single sinusoidal modulating signal to one of complex wave form the number 
of sideband components is greatly increased, but their amplitudes automatically become 
readjusted, or the total modulation is in effect divided between the components, so that 
the overall frequency spread for all practical purposes undergoes little or no change. 


e = ElJo(P)Jo(Q) cos wt — Ji(P)Jo(Q) {cos (w — p)t + cos (w + p)t} 


+ Jo(P)Jo(Q) {cos (w — 2p)t + cos (w + 2p)t} 
— J3(P)Jo(Q) {cos (w — 3p)t + cos (w + 3p)t} 


° 


is Jo(P)Ji(Q) {cos (w — g)t + cos (w + g)t} 
+ Jo(P)J2(Q) {cos (w — 2g)t + cos (w + 2q)t} 
— Jo(P)J3(Q) {cos (w — 3q)t + cos (w + 3q)t} 


° 


— Ji(P)J1(Q) {cos [w — (p — g)]t + cos [w + (p — QE 
— cos[w — (p + gt + cos[w + (9p + ge} 
— Ji(P)J2(Q) {cos [w — (p — 2q)]t — cos [w + (p — 2q)}t 
| + cos [w — (p + 2q)]t — cos [w + (p + 2¢)]t} } 
— Jx(P)Js(Q) {cos [wo — (p — 3q)]t + cos[w + (p — 3a)It | 
— cos[w — (p + 3q)]t — cos [w + (p + 39)]t} 


1 
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+ Jo(P)Ji(Q) {cos [w — (2p — g)]t — cos[w + (2p — g)lé 
— cos [w — (2p + g)]t — cos [w + (2p + g)]t} 

+ J2(P)J2(Q) {cos [w — (2p — 2q)]t + cos [w + (2p — 2q)]é 
+ cos [w — (2p + 2q)]t + cos [w + (2p + 2¢)]t} 

+ J2(P)J3(Q) {cos [w — (2p — 3q)]t + cos [w + (2p — 3q)]t 
— cos [w — (2p + 3q)]t + cos [w + (2p + 3q)]t} 


— J3(P)Ji(Q) {cos [w — (3p — g)]t + cos[w + Bp — Qt 
— cos[w — (3p + gt + cos [w + (3p + g)]} 

— J3(P)J2(Q) {cos [w — (8p — 2q)]t — cos[w + (3p — 2a)]é 
+ cos [w — (3p + 2g)]t — cos [w + (3p + 2q)]t} 

— J3(P)J3(Q) {cos [w — (3p — 3q)]é + cos[w + (3p — 3q)]t 
— cos [w — (3p + 3q)]t — cos [w + (3p + 3)]¢} 


sa (9) 


To avoid overmodulation on the peaks, the average modulation with a complex wave 
form must be reduced. The necessity for such a reduction is well known in broadcasting. 

MEASUREMENT OF FREQUENCY SWING. In the development, testing, and prac- 
tical operation of f-m equipment, it is necessary to be able to measure the extent of fre- 
quency or phase swing or modulation. The fact that the zero-order Bessel function Jo(P) 
passes through zero with increasing values of the modulation index as shown in Fig. 2 is 
made the basis for one useful method of measuring the peak frequency or phase swing. 
In Table 2 are given the first five values of the argument (P) or modulation index for 
which the zero-order Bessel function Jo(P) becomes zero. Other values may be obtained 
from the references previously given. 


Table 2. First Five Values of Argument (P) for Which Jo(P) = 0 
2.4048 
§.5201 
8.6537 
11.7915 
14.9309 


In the operation of this method, a receiver of the heterodyne type is tuned to the un- 
modulated carrier so that a beat tone of several hundred cycles is obtained. Single-fre- 
quency modulation is then applied to the transmitter, the frequency being of a much 
higher order than that of the beat tone. The strength of the modulating signal is increased 
until the amplitude of the beat tone drops to zero, which for the first null corresponds to 
the first passage through zero of the zero-order Bessel function Jo(P). From Table 2, the 
value of the modulation index for this null point is 2.4048. The value of the modulating 
frequency (p/27) being known, the peak frequency swing (Aw/2z7) is obtained from the 
ratio Aw/p = 2.4048. Further increase in strength of the modulating signal will develop 
additional null points corresponding to which values of the modulation index are given in 
Table 2. 

Another method of indirectly measuring the frequency swing provides a visual observa- 
tion on the screen of a cathode-ray oscilloscope, of the carrier and sideband components in 
their respective amplitudes and positions within a frequency band somewhat greater than 
twice the swing band. In this method, the f-m signal wave is heterodyned to an inter- 
mediate frequency of 2 Mc, amplified, passed through an a-m detector, and supplied to the 
vertical deflection plates of a cathode-ray oscilloscope. The heterodyning oscillator is 
itself frequency-modulated by means of a reactance tube, with a 25-cycle linear-sweep 
signal to peak values of plus and minus 100,000 cycles. The linear-sweep voltage is also 
impressed on the horizontal deflection plates of the cathode-ray oscilloscope. 

In action, the f-m signal wave, which consists of its carrier and sideband components, 
is in effect ‘“‘seanned’’ frequency-wise from 100,000 cycles below to 100,000 cycles above 
the carrier, at a rate of 25 times a second. When, during this scanning process, a side- 
band component or the carrier is encountered, a voltage pulse is impressed on the verti- 
cal deflection plates of the oscilloscope. As the linear-sweep voltage is also impressed on 
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the horizontal plates, the particular component will appear in its proper location within 
the overall swing band. 

THE MATHEMATICAL EQUIVALENT OF DISCRIMINATOR ACTION. In theo- 
retical investigations of f-m systems, as with other communication systems, the end 
product usually sought is a determination of the form of the received signal in comparison 
with that of the signal originating at the transmitter. 

An alternating voltage or current is represented by a vector of length proportional to 
the maximum or rms value, revolving at an angular velocity equal to 27 times the fre- 
quency, or, in customary nomenclature, w = 27f. In a given time ¢, the vector will have 
rotated through an angle of (wt = 27 ft) radians. From the elementary theory of the 
mechanics of planer rotating bodies, it is known that the angular velocity of rotation of 
any point in the body about the axis is equal to the first differential of the instantaneous 
angle of rotation with respect to the time. In the present case, this would be d(wt)/dt = w 
= 27f; that is, the frequency is equal to the first differential of the instantaneous angle 
with respect to time. 

In conventional a-c theory, a vector revolves at a constant velocity as the frequency 
has a constant value. In frequency modulation, the angular velocity varies with time, in 
accordance with the modulation, about a mean or unmodulated value. The frequency 
obtained by differentiation is therefore the ‘‘instantaneous frequency,” which is what is 
sought. The expression for the instantaneous frequency may be a simple periodic func- 
tion of the modulating frequency or it may be a complex function requiring algebraic and 
trigonometric operation or a Fourier analysis to break it down into the fundamental and 
harmonic components. 

Expressions are given above for a single- and a double-frequency-modulated f-m volt- 
age wave and single-frequency-modulated p-m voltage wave. These are as follows: 


Aw . 
ét-m = E cos (« + a sin xt) 


INE) Aw , 
€t-m = E cos ( + = sin pt + Fi sin wt) 


ép-m = Ecos (wt + A@ sin pt) 


The first differential with respect to the time of the arguments of the three cosine func- 
tions are, respectively, (w + Aw cos pt) and (w + Aw cos pt + Aw cosqt) and (w + 
p A@ cos pt). With linear detection the demodulated output is directly proportional to 
these expressions. With square-law detection, the demodulated output is proportional 
to the squares of the expressions and would contain second-harmonic components in addi- 
tion to the fixed and fundamental frequency components. With a balanced discriminator 
and differentially connected: detectors, both the fixed and second-harmonic components 
cancel out, leaving the fundamental frequency components of double amplitudes. Linear 
detection is employed almost exclusively in commercial practice. 

It is important to note that this mathematical method of recovering an f-m signal 
implicitly assumes (a) that there is no amplitude modulation and (6) a linear input-output 
characteristic of the hypothetical discriminator. It gives only the relative amplitudes of 
the frequency components but tells nothing of their absolute values. If amplitude modu- 
lation is present, the maximum voltage amplitude # in the preceding expressions is also 
a function of the time and must be taken into due account. Under most practical condi- 
tions, it may be assumed that the effects of amplitude modulation are removed, by some 
means such as limiting, leaving only the variable angle to be investigated. 


FREQUENCY-MODULATION TRANSMITTERS 


By J. E. Young 


Transmitters for two major types of services are discussed in this section. These are 
frequency-modulation broadcasting, which includes the sound transmitters used for tele- 
vision broadcasting, and emergency communication. © 


2. FREQUENCY-MODULATION BROADCASTING 


Frequency-modulation broadcasting has been assigned the frequency rangé from ‘88 to 
108 mc. This band has been divided into 100 contiguous channels with carrier frequencies 
starting at 88.1 me and ending at 107.9 me. Transmission in each channel is permitted 
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with a maximum frequency swing of 75 kc, which is designated 100 per cent modulation. 
To insure that f-m broadcasting will be a high-fidelity service, the FCC has set up the 
following standards for the overall transmitting system from microphone terminals to 
antenna: 

1. Distortion: less than 3.5 per cent, 50 to 100 cycles, 2.5 per cent, 100 to 7500 cycles 
at 25 per cent, 50 per cent, and 100 per cent modulation; and 3.0 per cent, 7500 to 15,000 
cycles at 100 per cent modulation. 

2. Noise level: at least 60 db below 100 per cent modulation in the band 50 to 15,000 
cycles. 

3. Amplitude noise: at least 50 db below 100 per cent amplitude modulation in the band 
50 to 15,000 cycles. 

4. Frequency characteristic: the transmitting system shall be capable of transmitting 
a band of frequencies from 50 to 15,000 cycles. Pre-emphasis shall be employed in accord- 
ance with the impedance-frequency characteristic of a series inductance-resistance net- 
work having a time constant of 75 microseconds. The deviation of the system response 
from the standard pre-emphasis curve shall be between two limits. The upper of these 
limits shall be uniform (no deviation) from 50 to 15,000 cycles. The lower limit shall be 
uniform from 100 to 7500 cycles, and 3 db below the upper limit; from 100 to 50 cycles, 
the lower limit shall fall from the 3-db limit at a uniform rate of 1 db per octave (4 db at 
50 cycles); from 7500 to 15,000 cycles the lower limit shall fall from the 3-db limit at a 
uniform rate of 2 db per octave (5 db at 15,000 cycles). 

Included in the system for which performance is thus specified are the microphone pre- 
amplifier, mixers, program amplifier, studio-to-transmitter link, which may be wire or 
radio, transmitter line terminating amplifier, and transmitter. The Radio Manufac- 
turers Association, working through industry committees, has specified the performance 
of the components of the system so that it would be possible to combine elements of dif- 
ferent manufacture without exceeding the distortion or noise limits specified. For the 
transmitter, the following standards have been agreed to in the industry: 

1. Distortion: audio distortion, including all harmonics up to 30 ke, shall not exceed 
1.5 per cent rms from 50 to 15,000 cycles, and shall not exceed 1 per cent rms between 
100 and 7500 cycles. Measurements shall be made at 25 per cent, 50 per cent, and 100 
per cent modulation, for audio frequencies of 50, 100, 400, 1000, and 5000 cycles, also at 
100 per cent modulation for audio frequencies of 7500, 10,000, and 15,000 cycles. 

2. Noise level: at least 65 db below 100 per cent modulation in the band 50 to 15,000 
cycles. 

3. Amplitude noise: at least 50 db below 100 per cent amplitude modulation in the band 
50 to 15,000 cycles. 

4. Frequency characteristic: shall not deviate more than 1 db from a straight line, or, 
if pre-emphasis is used, from a 75-microsecond curve from 50 to 15,000 cycles. 

F-M TRANSMITTER—SCOPE. Like the a-m transmitter covered in pp. 7-128, 7-137, 
the f-m transmitter is considered to consist of all audio equipment operating above stand- 
ard telephone-practice level and all r-f equipment from the source of the r-f oscillation 
to the transmission-line terminals. Unlike a-m transmitters, f-m practice is to modulate 
at low power levels, multiplying the frequency and power, usually many times, before 
reaching the transmitter output. 

FREQUENCY CONTROL AND MODULATION. Frequency control and modulation 
are tied together since modulation is accomplished by actually swinging the frequency 
back and forth in accordance with the modulating signal. To accomplish this, and still 
keep the center, or average, frequency within tolerance (+2000 cycles for f-m broadcast- 
ing) is one of the chief problems of f-m transmitter design. 

Methods of frequency modulation may be divided into two basic systems. In one of 
these, phase modulation, modulation is effected at some point in the circuit following the 
oscillator, which is crystal-controlled. Modulation is accomplished by changing the 
phase of the crystal-controlled signal at a rate corresponding to the desired modulation. 
It is characteristic of p-m systems that the frequency shift is proportional to the modulat- 
ing frequency as well as to its amplitude. To convert to true frequency modulation it is 
necessary to compensate the frequency characteristic of the modulator, therefore, so that 
the amplitude of the modulating signal is inversely proportional to its frequency. One 
system of phase modulation is shown in the block diagram in Fig. 1. A crystal oscillator 
having a frequency of approximately 200 kc is used to drive a balanced modulator in 

_ which the modulating signal is the audio frequency to be transmitted, and whose a-f 
characteristic has been corrected to convert from phase to frequency modulation as 
described above. The output of the balanced modulator consists of two f-m currents 
whose deviations are instantaneously in opposite directions. These two signals are multi- 
plied in frequency 81 times through two separate channels of multipliers. One of the re- 
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sultant signals is heterodyned to another frequency about 2 me removed. The resultant 
frequency and the output of the second multiplier channel are then recombined and their 
difference recovered. It will be noted that the difference frequency is independent of the 
frequency of the original oscillator and depends only on the frequency of the 2-mc het- 
erodyne oscillator. Additional multiplication of 48 times is then necessary to reach the 
final operating frequency. 

The phase modulation, at the point of its introduction, is usually restricted to less than 
30° in order not to exceed permissible transmitter distortion. In the method described 
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Multiplier 
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f=transmitter output frequency, 
Fie. 1, Frequency Modulation by the Phase-modulation Method 


above, since two outputs are obtained from the balanced modulator having phase modu- 
lation in the opposing sense, a total phase shift of 60° is possible. The multiplication 
necessary to convert this phase modulation to frequency modulation, having a frequency 
swing of +75 kc, was, in this particular example, 3888 times. The use of dual p-m chan- 
nels not only permits doubling the frequency swing but also makes it possible to cancel 
out the effect of the 200-ke crystal in determining the transmitter frequency stability. In 
the arrangement shown, the carrier frequency stability is a function only of the stability 
of the 2-me oscillator. Some improvement in f-m noise level is also obtained at the same 
time. 

Other methods of phase modulation have been developed which are quasi-mechanical 
in nature. One of these, for which a special vacuum tube has been developed known as 
the “‘Phasitron”’ tube, is used in some commercial f-m transmitters. The block diagram 
of the circuit is shown in Fig. 2. A crystal oscillator operating at approximately 230 ke 
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Fie. 2. Frequency Modulation Using the ‘‘Phasitron’’ Tube 


(the exact frequency depends on the assigned station frequency) is coupled to a network 
which, by means of tuned circuits, produces three outputs, all of the same frequency and 
separated in phase by 120°. These outputs are applied to alternate wires of the deflec- 
tor grid of the Phasitron tube in such a manner as to produce a rotating field. A cathode 
and two anodes, which are at a positive d-c potential with respect to the cathode, are 
arranged so that electrons are drawn from the cathode and focused into the form of a 
tapered thin-edged disk. This disk, with the cathode for its axis, lies between a neutral 
plane and the deflector grid structure and extends out to anode 1. The three-phase poten- 
tial applied to the deflector grid structure deflects the electron beam so that the outer 
edge of the electron ‘‘disk,” if it could be seen, would appear to have a sinusoidally ser- 
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rated edge which rotates about the cathode as a center, at a speed determined by the 
three-phase voltage applied to the grid. Anode 1, located cylindrically around the cathode, 
outside the periphery of the deflector grids, has 24 evenly spaced holes arranged around 
its circumference; 12 of these are above the plane of the electron disk and 12 below. The 
rotating serrated edge of the electron disk impinges on this series of holes. As the serra- 
tions move around the periphery of the electron disk, the electrons alternately pass through 
the holes to anode 2 and as the serrations move on one-half cycle are completely blocked 
from anode 2. Thus the current flowing to this anode varies sinusoidally at the crystal 
frequency. It follows, therefore, that any variation in the angular velocity of rotation 
of the electron disk will result in a phase variation of the output current from anode 2. 

A coil is placed around the outside of the tube so that the magnetic field resulting from 
the current flowing in the coil is perpendicular to the plane of the electron disk. The 
electrons traveling radially out of the cathode toward the anodes through this field have 
a force exerted on them in a direction perpendicular to their path and perpendicular to 
the direction of the magnetic field. Thus, an angular displacement is introduced in the 
rotation of the electron disk causing phase variation in the output of anode 2 as described 
above. Consequently, if an a-f signal current of the proper amplitude flows through this 
coil the output of the tube will be phase-modulated in accordance with this audio fre- 
quency. When there is no audio signal input, the serrations about the periphery of the 
electron disk will rotate at a constant amplitude, and the output frequency of anode 2 
will be the same as the frequency of the crystal. 

Phase excursions as great as 720° are possible, in this system, but if low distortion is to 
be achieved the phase shift must be considerably restricted. 

DIRECT FREQUENCY MODULATION. Direct modulation of the transmitter 
master oscillator may be accomplished by several different methods. They all func- 
tion by changing the reactance of the frequency-controlling part of the oscillator circuit 
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Fie. 3. Frequency Modulation by Reactance Tubes 


in accordance with the modulating frequency. One of the commonest of such systems 
is the use of a tube or tubes having their plates connected to the oscillator circuit and 
their grids excited by an r-f voltage derived from the oscillator tank and shifted in phase 
90° with respect to the oscillator tank voltage. Plate current drawn by these tubes will 
then be 90° out of phase with the oscillator output and thus has the characteristic of a 
positive or negative reactance. The amplitude of this plate current is then varied by 
means of the audio signal, which is also impressed on the grid, and, consequently, the 
oscillator frequency shifts in accordance with the a-f signal. The basic circuit is shown in 
Fig. 3. 

Another method of achieving frequency shift in the master oscillator is to connect the 
grid circuit of the modulator in parallel with the oscillator tank. See Fig. 4. In this cir- 
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Fie. 4. Frequency Modulation by Input Capacitance Variation 


cuit, frequency modulation results from the fact that the input capacitance of the modula- 
tor tube is a function of its plate circuit impedance and its transconductance, so that 


Cin = Cep(1l + gmRz) 
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It follows that, if the transconductance is varied by the audio input signal, frequency 
modulation in accordance with the audio input is obtained. 

All the systems of direct frequency modulation have the common characteristic that the 
transmitter frequency control is effected with reference to a separate, highly stable oscilla- 
tor. These control systems may be divided into two categories, those in which the restor- 
ing force is proportional to the deviation, and those in which full restoring force is de- 
veloped regardless of the amount of deviation. In general, the latter will provide the 
most accurate frequency control since the transmitter output frequency will be an exact 
multiple of the reference oscillator frequency if the system is functioning properly. The 
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be used to correct the master 
oscillator frequency, either by 
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A portion of the output of the Fig. 5. The Crosby Method of Frequency Control 

f-m oscillator, which is modu- 

lated by reactance tubes, is fed into a mixer, together with the signal from the reference 
crystal oscillator. The beat between these two signals is fed into a discriminator tuned 
so that it is working on the center of its characteristic when the frequency of the modu- 
lated oscillator is the exact submultiple of the transmitter frequency. As the modulated 
oscillator drifts away from the correct frequency, the beat signal fed into the discriminator 
changes frequency accordingly and a d-c voltage is developed by the discriminator. This 
voltage is applied to the grids of the reactance tubes in the proper sense to correct the 
frequency of the oscillator. This method of frequency correction may be thought of as akin 
to negative feedback, since the degree of correction is a function of the gain through the 
mixer and discriminator, and the sensitivity of the reactance tubes. 

One of the several variations of the second type of system is shown in Fig. 6. The 
master oscillator is frequency-modulated by a reactance tube or other electronic means. 
A sample of its output is divided in frequency by a locked-in oscillator, or multivibrator, 
to a frequency low enough so that the carrier frequency will not vanish for any percentage 
of modulation of any audio frequency in the normal pass band. For example, in one trans- 
mitter the modulated oscillator has a center frequency of 4 Me, requiring a 3-kce swing to 


achieve a 75-ke frequency swing at the transmitter output frequency. The center fre- 
quency is divided by 256 so that 


To the frequency swing reaches a 
multipliers = maximum of 12 cycles per second. 
If an audio modulating frequency 
of 30 cycles per second is used, 
the phase shift is then 0.4 radian 
or 24°. This modulation index 
reduces the carrier to 0.96 times 
its unmodulated value; conse- 
quently, a carrier frequency com- 
ponent is always present to effect 
synchronization. The output of 
the reference crystal oscillator is 
also divided in frequency, in 
order to use a crystal which 
can be easily manufactured, and 
these two outputs are fed into a 
balanced phase detector. If the two inputs to the phase detector are exactly 90° out of 
phase its output will be zero. Any shift in phase difference away from the 90° point will 
produce an output voltage with a positive or negative sign depending on whether the 
phase shift is greater or less than 90°. This voltage is then applied to the modulator tube 
grid to correct the frequency of the master oscillator. 

A system of frequency correction utilizing an electromechanical circuit is shown in block 
diagram in Fig. 7. In this circuit the oscillator is modulated by reactance tubes in the 
conventional manner. A sample of the output of the modulated oscillator is divided by 
240 and then fed into the grids of a pair of balanced modulators. The output of the ref- 
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erence crystal oscillator is divided by 5 and then split through two phase-shifting net- 
works, arranged to provide a 90° phase difference between the two branches. One of 
these branches is fed into the grid circuit of one of the balanced modulators and the 
other to the grid circuit of the second balanced modulator. If the divided down signal 
from the f-m oscillator is in phase with the divided signal from the reference oscillator 
there will be no a-c output from the balanced modulators. However, if there is any fre- 
quency difference, an a-c voltage will be developed in the plate circuits of each of the bal- 
anced modulators and the two voltages thus obtained will differ in phase by 90°. These 
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two outputs are connected to the two windings of a two-phase motor, and the shaft of 
this motor is arranged to drive a small capacitor connected in the tank circuit of the f-m 
oscillator. The a-c outputs of the balanced modulators, resulting from a frequency devia- 
tion in the modulated oscillator, produce a rotating field in this motor which tends to ro- 
tate the’variable capacitor in the proper direction to correct for the frequency error. As 
soon as the frequency of the modulated oscillator has been restored to the point where its 
submultiple is in exact synchronism with the submultiple of the crystal oscillator, the a-c 
output of the balanced modulators drops to zero and the tuning capacitor comes to rest. 

Another frequency-control circuit operating on a different principle is shown in the 
block diagram, Fig. 8. In this circuit the outputs of the master oscillator and the crystal 
oscillator are combined in a pair of mixers, in one of which the input from the crystal 
oscillator differs in phase_by 90° from the input to the other. The output of one of the 


Reactance Modulated 
modulator oscillator 
nailed en 

phase 
shift 
=46¢ 
phase 
shift 


To 
multipliers 


Reference 
crystal 
oscillator 


Discrim- 
inator 
Sori 
Pulse 
generator 


Fie. 8. Pulse Counter Frequency Control 


mixers is fed through a pulse generator and thence through a pair of discriminators. The 
discriminators are biased diodes. The bias on these diodes is set just above the peak 
value of the output of the second mixer. The result is that, when the pulses add to the 
sine-wave output of the second mixer, the bias is overcome and the pulse is passed through 
the diode. When the pulse subtracts from the sine wave the bias prevents the diode from 
conducting and the pulse is not passed. This arrangement serves to separate the pulses 
into two circuits; one circuit is energized by one pulse for each cycle of beat between the 
master oscillator and the crystal oscillator when the signal frequency is high, and the other 
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circuit is energized by one pulse for each cycle of beat when the signal frequency is low. 
The outputs of the two discriminators 
are fed to an integrator, which is 
simply a large capacitance and thence 
to the grid circuit of a cathode follower. 
The output of this tube is connected 
to the tube which effects frequency 1 
modulation, and thereby controls the 
frequency of the master oscillator. | 
This circuit will tend to hold the center } 
frequency so that the frequency swings 
higher and lower than the correct fre- Mie i il | 
quency by the same total number of 
cycles. The correction is continuous, cay 
and the speed at which a frequency PS 
shift is reflected in a correcting voltage 
is a function of the time constant of = 
- the integrating capacity. 


{¢ 


3. FREQUENCY MODULA- Tica 
TION FOR EMERGENCY in 
TRANSMITTERS 


Phase modulators, corrected to ob- ; 
tain frequency modulation, are used 
almost exclusively for this class of 
service. The necessary degree of phase 
modulation can be achieved with rela- 
tively few stages of multiplication of 
the f-m signal. This results from the 
combination of two requirements that 
greatly restrict the necessary p-m 
angle. The first of these is that a com- 
paratively narrow frequency swing is 
used, varying from +12.5 kc in the 25 
to 30 Mc band to +22.5 ke in the 152 0 
to 162 Mc band. The second is that ' 
the lowest unattenuated modulating 
frequency need be no lower than 500 
cycles per second. Thus, if a phase 
swing of 1 radian can be obtained in 
the modulator, a multiplication of only 
45 is necessary to achieve a frequency 1 
swing of 22.5 ke. Since considerable 
distortion is tolerable before any loss 3 y 
of intelligibility results, phase modu- H 
lators having much more inherent dis- 
tortion may be used for this class of 
service than for f-m broadcasting. 
Overall distortion as high as 10 to 15 a 
per cent hes been found to have no 
effect on the intelligibility of the signal. = 
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are portable, the most important char- N SSS 
acteristics are small size and weight, Nw 3 
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4. TRANSMITTER CIRCUITS 


Because of the many times the f-m A 


signal must be multiplied, in f-m 
transmitters, to obtain the necessary 
frequency swing, the low power Fie. 9. Coaxial Tank Circuit 
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stages operate through the frequency range covered by the section on a-m transmitters. 
Additional care is required in f-m transmitter design to avoid high-Q circuits, since the 
band widths required are greater than in other transmitters. For the same reason, it is 
desirable to use circuits that have symmetrical phase-shift characteristics about the center 
frequency. 

Output amplifiers for transmitters of power above 250 watts usually employ tubes 
having internal capacitances great enough to necessitate the use of transmission-line-type 
tanks. To avoid stray fields which might affect the operation of the exciter stages, and to 
simplify the problem of keeping the transmitter enclosure and outer conductor of trans- 
mission lines at ground potential, these circuits are preferably made in the form of con- 
centric lines. One such typical circuit is shown in Fig. 9. In this illustration a triode is 
used. To avoid interaction between plate and grid circuits, the grid is grounded for r-f 
voltages, and excitation voltage is applied between ground and the filament of the tube. 
A three-quarter wave tuned transmission line is used and is in turn coupled to the output 
of the driver by a small, single-turn loop. The plate circuit is a coaxial line, in which the 
anode of the tube forms a continuation of the inner conductor. The line is tuned by 
moving a by-pass capacitor provided with fingers which make contact with the inner and 
outer conductor, along the line. Output coupling is obtained by positioning a loop in the 
space between the inner and outer conductors. Control of the tightness of the coupling 
is effected by changing the angle of the loop. Maximum coupling is obtained when the 
loop lies along a radius of the outer conductor. 
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FREQUENCY-MODULATION RECEIVERS 


By Leslie F. Curtis 


5. COMPARISON WITH AMPLITUDE-MODULATION RECEIVERS 


Conventional f-m receivers use the superheterodyne principle and differ from a-m super- 
heterodynes mainly in the i-f amplifier and in the second detector. 

The intermediate frequency is chosen to give adequate image reduction depending on 
the service. An intermediate frequency of 10.7 Mc is suitable, and is specified as an RMA 
standard, in receivers for f-m broadcasting in the assigned band from 88 to 108 Me since 
the image response then falls outside the bands having assigned services which are liable 
to interfere. A higher intermediate frequency of the order of 21.7 Mc is required for the 
sound channels of television receivers to avoid interference. The higher frequency is 
favored in receivers incorporating both f-m broadcast and television facilities since the 
same components may then be used for both. 

The i-f band width should be sufficient to pass the side frequencies at the maximum 
system frequency deviation without excessive attenuation of the power in any of them to 
preserve the fidelity of the modulation. A band width of at least 150 ke for a reduction 
of not over 50 per cent on the overall response curve at maximum deviation is required in 
receivers for f-m broadcasts. (See Section 7, article 12.) This applies even when an ampii- 
tude limiter follows the i-f amplifier, since, although a limiter removes amplitude modula- 
tion, it cannot remove the phase distortion introduced in the tuned circuits. A flat or 
slightly rounded i-f response curve is preferred since double-peaked curves increase the 
phase distortion within the receiver. The uniformity of response over the required band 
should be as good as can be obtained with overcoupled or stagger-tuned i-f circuits if no 
limiter is used. Receivers for special purposes which utilize narrow system deviations 
commonly use limiters, and operate on the portion of the i-f response curve which is above 
50 per cent of maximum. 

It is possible to reduce the frequency deviation, and therefore the band width necessary 
for the i-f stages, by feeding back some of the demodulated audio output to a reactance 
tube associated with the superheterodyne oscillator to cause it to follow partially the 
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original frequency deviation. The distortion in the receiver and the overall noise-to-signal 
ratio are reduced thereby, although the system is rather expensive. 

The overall gain in an f-m receiver is usually greater than in an a-m receiver since satis- 
factory reception may be had at very low levels of input to the antenna terminals, and 
since, when a limiter is used, the input voltage at its grid terminals must be at least 1 volt. 
In general, gain is uneconomical in the r-f stages at the frequencies assigned for f-m broad- 
casting, and practically all the gain is usually obtained at intermediate frequencies. The 
usual i-f plus converter gains are of the order of 10,000. The band width required lowers 
the gain per stage, and usually one or two more i-f stages are required in an f-m receiver 
than in an a-m receiver using the same types of tubes. 

The frequency detector directly or indirectly converts the frequency modulation to 
amplitude modulation and then recovers the audio signal by amplitude detection (see, 
however, last paragraph of article 8-7). Some means of reducing or preventing response 
to spurious amplitude modulation due to noise and due to the variation in amplification 
as the frequency is deviated over the i-f pass band is usually associated with the frequency 
detector. This may be an amplitude limiter preceding the frequency detector, or the 
frequency detector itself may be of a type which is non-responsive to amplitude modu- 
lation. 

A frequency detector with a balanced output, that is, one in which the net rectified 
output is zero at the mean intermediate frequency, is preferred since spurious audio output 
can then be produced only during deviation of the frequency due to the desired modula- 
tion and is masked considerably by the latter. The d-c output of a balanced frequency 
detector may be used to control the bias of a reactance tube associated with the oscillator 
and thereby furnish automatic frequency control. De-emphasis circuits to compensate 
for the pre-emphasis at the transmitter (corresponding to the voltage across an inductance 
in series with a resistance when the combination has a time constant of 75 microseconds), 
and tone-control circuits, are usually included in the a-f system. 

Antenna input systems, the superheterodyne oscillator, and the first detector are usually 
the same in f-m receivers as in a-m receivers for about the same transmitted frequency 
except that there is more tolerance in tuning and in frequency drift in f-m broadcast 
receivers than in narrow-band receivers. 

Automatic volume control may be incorporated and is desirable to keep the voltage 
applied to the input of the limiter or non-amplitude-responsive detector at a level which 
prevents overall response to rapid variations of the net antenna input voltage over as 
wide a range as possible. 

Certain types of f-m broadcast receivers are difficult for a novice to tune by hand since 
there are multiple tuning positions where there is almost equal volume of response to the 
desired program. Minimum harmonic distortion is obtained in only the position which 
corresponds to the most linear portion of the frequency detector characteristic. The pro- 
gram is demodulated in the other positions by the slope of the sides of the i-f response 
curve and sometimes by the reverse slope of the skirts of the frequency detector charac- 
teristic. A greater volume of even-harmonic distortion than fundamental often is pro- 
duced between the several tuning positions for maximum response. Accurate tuning is 
also required for the most effective reduction of response to impulse noise. 

A zero-center-indicating meter operated by the d-c output of a balanced frequency de- 
tector makes an excellent tuning indicator. It indicates zero for the proper tuning posi- 
tion, and the direction of the deflection shows the direction of any mistuning. Twin 
electron-ray tuning indicators, in which the illuminated portions of the opposite halves 
are unequal except in the proper position, are sometimes used in broadcast receivers. 

Receivers for operation in both the a-m and f-m broadcast bands generally use many of 
the circuit components in both bands. The intermediate frequency for the f-m section is 
much higher than for the a-m section, but transformers incorporating tuned circuits for 
both frequencies are quite satisfactory. The r-f and converter stages tolerate a minimum 
of switching because of the high frequency and are often separate for the two bands in the 
more expensive receivers. The audio amplifier and power-output stages are usually com- 
mon to both sections. Particular care in the design of the audio amplifier and sound 
reproducer is justified since low harmonic distortion and excellent signal-to-noise ratio are 
realizable with frequency modulation. 

Figure 1 is the circuit diagram of the r-f, i-f, and detector portions of a low-priced fm-am 
receiver. The desired band is selected by a ganged switch for the r-f, oscillator, converter, 
ave, and detector circuits. Both bands are tuned with a two-gang condenser having sep- 
arate stator sections for the two ranges. The f-m section includes a broad-band input 
transformer for a 300-ohm transmission line, a tuned input circuit to the converter, and 
delayed ave to obtain the proper input level for the ratio-type frequency detector. The 
a-m section includes a condenser-tuned low-impedance loop and series loading coil, means 
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for additional antenna input from the leads of the 300-ohm line in parallel, and an un- 
tuned input stage for the converter. 

Crosstalk between common-channel f-m stations is reduced in receivers incorporating 
good a-m rejection means to a point where only the modulation of the stronger of two 
stations is audible. Cross-modulation in the stages of an f-m receiver due to the non- 
linearity of tube characteristics is relatively small, whereas in a-m receivers it is one of the 
major causes of interference at certain input levels. 

Phase modulation differs from frequency modulation only in the manner in which the 
frequency modulation index (deviation ratio) is caused to vary with the modulating fre- 
quency. In phase modulation it is proportional to the product of the amplitude and 
frequency of a modulating component, whereas in frequency modulation it is propor- 
tional to the amplitude of the component. Receivers for phase modulation are therefore 
like receivers for frequency modulation, designed with an i-f band width suitable for the 
maximum frequency deviation from the center frequency, but with an audio filter follow- 
ing the frequency detector to restore the original amplitude of the modulating com- 
ponent for the output. Pre-emphasis of the higher audio frequencies, as specified by the 
FCC for f-m broadcasting, gives some of the characteristics of phase modulation to this 

- portion of the transmission. 


6. FREQUENCY DETECTORS 


Frequency detectors usually consist of some form of i-f slope filter which has a linear 
variation in output voltage with frequency deviation to the maximum assigned deviation, 
preferably fed with constant current from the last i-f amplifier, and followed by a con- 
ventional amplitude detector. Detectors employing a phase shift between the voltages 
applied to separate grids of multielectrode tubes corresponding to the frequency devia- 
tion have been described but are not commonly used. Circuits which provide frequency 
detection in a single tube and which are substantially unresponsive to amplitude modula- 
tion are in the developmental stage. The detectors described herein have had commercial 
application. 

SIMPLE SLOPE FILTERS. A loosely coupled i-f transformer tuned to one side of the 
mean intermediate frequency and operated at a point on the side of the resonance curve 
where the response is about 72 per cent of maximum provides a simple slope filter. The 
conditions differ with the coupling, but, for ex- 
ample, when the coefficient of coupling between 
primary and secondary windings is 0.3/Q, where 
Q applies to both primary and secondary windings, 
the variation in amplitude is substantially linear 
over the range in frequency in which the amplitude 
varies from 50 to 95 per cent of the maximum for 
that stage alone. The frequency characteristic for 
this condition is shown in Fig. 2. The Q of the cir- 
cuits is reduced by loading so that Qf/F is 0.2, 
where f is the expected frequency variation from 
the mean and F is the mean intermediate fre- 
quency. The frequency for maximum response for 
the stage is separated from the mean frequency by 
0.35 F/Q and may be either above or below it. 
Full use of the most linear portion of the charac- 
teristic results in 22.5 per cent amplitude modula- 
tion, whereas a single tuned circuit provides only 
15 per cent. The i-f amplifier is tuned to flatness 
to operate about one of the operating points men- 
tioned. Final demodulation is obtained in a con- 
ventional diode rectifier following the filter. 

This type of frequency detector is not often used since it provides no inherent balance 
against spurious amplitude modulation. The output due to impulse noise in this type of 
frequency detector is much more disturbing than in one which is balanced for zero output 
at the mean intermediate frequency. 

DISCRIMINATORS. Discriminators as shown in Figs. 3(a) or 3(b) are used widely as 
frequency detectors since they provide an inherent balance against amplitude modulation 
at the mean intermediate frequency and require only a minimum number of components 
and adjustments. The i-f voltages applied to the two diodes are respectively the sum and 
difference of the primary voltage and one-half the secondary voltage of the transformer, 


Relative output 


Fie. 2. Frequency Characteristic of Slope 
; Filter 
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which is tuned to the mean intermediate frequency. Since these voltages differ in phase 
by 90° at the mean frequency, the diode voltages are then equal. The rectified voltages 
are opposed so that there is no net output at the mean frequency. The voltage applied to 
one diode increases, while that applied to the other decreases, at higher instantaneous 
frequencies since the secondary voltage then lags by more than 90°. The reverse is true 
at lower instantaneous fre- 

i quencies, and a directional 

gli {font output substantially pro- 
portional to the instantane- 
ous frequency deviation 
over a considerable range is 
obtained. Thus an audio 
voltage is available at the 
output terminals which has 
an amplitude proportional 
to the frequency deviation 
of the applied signal. A d-c 
output which depends on 
the difference between the 
mean applied frequency and 
the frequency to which the 
unit is tuned is also devel- 
oped if these are unequal. 
Figure 4 illustrates typi- 
cal shapes of characteristic 
curves obtained in a dis- 
criminator stage when the 
primary and secondary in- 
ductances and Q’s are equal. 
The curves are plotted in 
(0) terms of Qf/F, where f/F 

Fie. 3. Discriminator Circuits is the ratio of the instan- 

taneous frequency deviation 

to the center frequency. The actual output is obtained by multiplying the relative out- 


put by V2eQLwI, where e is the rectification efficiency of the diode, L is the inductance 
of the windings, w is the mean intermediate angular frequency, and J is the rms value of 
the current supplied by the last i-f stage. The linearity and the magnitude of the output 
are near optimum for the conditions shown when the product of the Q and the net coeffi- 
cient of coupling between windings is about 2.7 although many similar curves may be 
obtained when the primary and secondary 
inductances and Q’s are unequal. 

It is important in obtaining a symmetri- 
cal characteristic curve that the secondary 
winding and circuit be symmetrical with re- 
spect to ground. This requires that the center 
tap on the secondary be placed properly, that 
the coupling between the halves of the sec- 
ondary be close, and that the leads to the 
diodes be short and have no spurious couplings 
to other parts of the circuit. The diode ca- 
pacitances should be equal since that of one 
aids, while that of the other opposes, the mag- 
netic coupling between the windings. The 
required Q, which includes the effects of =a 
diode loading, and which may be reduced by 
circuit loading if necessary to obtain the ~2.0 1.0 0 
proper band width, may be estimated from the Q S/F 
abscissas of Fig. 4 over which the linearity 
is satisfactory for the expected ratio of f/F. 
The coupling and by-pass condensers C are made only large enough to have low impedance 
at the intermediate frequency while their impedance at audio frequencies is large. The 
current through each diode load resistance r should be only that rectified by the individual 
diode. Any shunt resistance across the output terminals, such as 73, is made large so 
that the current through it and the two resistors r in series will not bias appreciably the 
diode delivering the smaller instantaneous output. 
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The i-f choke shown in Fig. 3(a), which is effectively in parallel with the primary in- 
ductance, may be omitted if the diode loads are connected as in Fig. 3(b). This is permis- 
sible if the desired Q can be obtained with the increased loading effect which the diodes 
present for this connection. Each individual diode presents a load of r/1.8 in Fig. 3(a) 
and r/2.8 in Fig. 3(b), where r is as indicated in the figures, and the diode rectification 
efficiency has the usual value of about 90 per cent. The desired Q may be obtained 
either by loading the windings, as with 7, or by designing the individual windings with 
the diameter and spacing of turns which result in the required value. 

The frequency at which the response is zero is adjusted by tuning the secondary circuit 
of the discriminator. The symmetry of the response curve about the zero point is ad- 
justed by tuning the primary circuit. This procedure is easier than adjusting each indi- 
vidual circuit for resonance at the center frequency. 

Some special-purpose receivers are arranged to respond to either frequency modulation 
or amplitude modulation in the same transmission band by providing a reversing switch 
for one of the diodes of the discriminator. When one is reversed from the polarity indi- 
eated in Fig. 3, the sum, rather than 
the difference, of the rectified voltages 
‘is applied to the output, which is proper 
for the demodulation of a-m waves. 

SIDE-TUNED CIRCUITS AS FRE- 
QUENCY DETECTORS. Another 
frequency detector which has zero out- 
put at the mean intermediate fre- 
quency consists of separate tuned cir- 
cuits Col, and C3L3 individually tuned 
slightly above and below the center 
frequency and connected as shown in ithe, & 
Fig. 5. Theresponse curve is shown in come 
Fig. 6. The stage is tuned by adjusting the peaks of the S curve, each of which depends 
chiefly on the tuning of one of these circuits but is influenced slightly by the tuning of the 
other. An alternative tuning method is to transfer the connection between the two tuned 
circuits from the full-line to the dotted-line connection after tuning both circuits to the 
center frequency. The incremental inductance Z is chosen to shift the resonance by the 
proper amount in opposite directions. 

Neglecting the coupling between the two side circuits caused by the common primary 
circuit CL, to which they are individually coupled, the best linearity of the characteristic 
is obtained when f,/F = 0.75/Q, where fi is the 
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Frequency Detector with Side-tuned Circuits 


ee frequency displacement of either resonant side 
1.0 circuit from the center frequency. The relative 
0.8 output for this case is shown in Fig. 6 plotted 
against relative instantaneous frequency devia- 

0.6 tion Qf/F. The actual output depends on the 
0.4 coupling to circuit Cli. The capacitance C1 

= of the driving tube may be tuned out at the 
BO center frequency, and the effects of the primary 
° 0 circuit over the band may be minimized by 
= loading it with resistance. The presence of the 
mee tuned primary circuit slightly improves the 


linearity of the S curve near its peaks by an 
amount not shown in Fig. 6, and depending 
on its coupling with the side circuits. To ob- 
tain the best linearity for both positive and 
negative deviations it may be necessary to 
use slightly different Q’s in the two side cir- 
1,2 cuits and slightly different coefficients of 
-1,0-0.8-0.6-0.4-0.2 0 0.2 0.40.60.8 1.0 Goupling between the primary and these cir- 
as/F cuits. Such expedients compensate for the 

Fra. 6. Frequency Characteristic with Side- fat that the resonant peaks of the side circuits 

tuned Circuits 
are not at the same frequency. 

RATIO-TYPE FREQUENCY DETECTORS. One type of frequency detector which 
can be made to be non-responsive to any undesired amplitude modulation has been called 
a ratio detector, since the net output is approximately proportional to the ratio of the i-f 
voltages applied to the two diodes, although the process by which this is accomplished is 
indirect, and a more complete analysis shows that the ratio of the circuit impedances 
rather than the voltages is involved. Two of many possible arrangements are illustrated 


-0.4 


—0.6 
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in Figs. 7(a) and 7(b). In Fig. 7(a) the filter is quite similar to the discriminator previously 
described except that the components are designed to tolerate a greater a-c load current. 
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Fig. 7. Ratio-type Frequency Detector Circuits 


In Fig. 7(6) the side-tuned 
circuits Col, and C3L3 are in 
series with no magnetic cou- 
pling to the choke feed Li, 
while capacitance Cj; is as 
small as possible to reduce 
the undesired coupling be- 
tween these circuits. In both 
arrangements condensers C 
are only large enough to have 
low impedance at the inter- 
mediate frequency. 

The diodes are in series and 
are therefore forced to carry 
the same rectified load current 
which charges a large electro- 
lytic condenser C;, to a voltage 
which depends on the mean 
i-f signal level. During de- 
sired frequency modulation or 
undesired amplitude modula- 
tion, this voltage, all or a part 
of which may be used also for 


automatic volume control, remains constant and establishes conditions for the mean rec- 


tification efficiency of the diodes and for a voltage drop 
in the a-c impedance of the source. The action is 
illustrated by the diagrams of Fig. 8 which are not to 
scale but show, diagrammatically, superimposed regu- 
lation curves for the diodes (one inverted to show the 
division of the electrolytic condenser voltage EH) for 
several conditions. Figure 8(a) shows the relations 
between the output current and the component volt- 
ages which lead to operation at a particular value of 
output current at one input level and frequency. The 
peak voltages applied to the input terminals of the 
diodes are #, and EF» respectively. They have maxi- 
mum values for no rectified current since the a-c diode 
input current is from 1.67 to 2.0 times the rectified 
current, depending on the rectification efficiency of the 
diodes. The rectified voltages, whose sum is E, are the 
input voltages multiplied by the individual rectification 
efficiencies and are e; and e: respectively. The diodes 
are in series, and the common-current operating point 
is shown by the marked intersection. 

The a-c diode input current is in phase with the in- 
put voltage, but the filter networks carry substantial 
reactive components of current. Furthermore, the re- 
lations between the diode input and output currents and 
voltages are non-linear. Therefore the characteristics 
cannot be expressed readily in terms of the circuit con- 
stants. However, each circuit and associated diode has 
a definite regulation curve for each frequency and for 
each current level supplied by the last i-f tube. The 
effective impedance which determines the output volt- 
age drop in terms of the output current depends pri- 
marily on the impedance of the tuned circuits and 
secondarily on non-linear functions of the current and 
voltage. 

Figure 8(b) shows the effect of deviating the fre- 
quency. This changes the filter impedances and con- 
sequently the effective output impedance and the slope 
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Fig. 8. Regulation Curves in Ratio- 
type Frequency Detectors 


of the regulation curves. The difference between either diode output voltage and its mean 
value, H/2, varies at the modulating frequency and represents the desired audio output. 
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Figure 8(c) shows the effect of amplitude modulation of the input signal at a given 
frequency. The voltage EF remains constant at its mean value by virtue of the charge on 
the electrolytic condenser. The output current varies instantaneously with amplitude 
modulation although its mean value is substantially constant. If the degree of inward 
modulation is sufficient to reduce the rectified current to zero as illustrated by the dotted 
lines, rectifying action is lost and intolerable distortion results. The resistance r is made 
smaller than in conventional discriminators to allow for a margin in inward modulation 
without reaching these limits. The ratio of the uniform signal to the instantaneous signal 
which will produce cut-off is the overdrive and should be at least 2 to1. It is particularly 
important that the relations be so chosen that the detector is not cut off when the instan- 
taneous voltage swings to its lowest value as the frequency is deviated over the selectivity 
response curve of the receiver. 

It can be shown that with ideal diodes with rectification efficiencies of 100 per cent, and 
with non-reactive source impedances, the output voltage e is independent of amplitude 
modulation when the short-circuit currents J,, as shown by the regulation curves, are the 
same for the two diodes. The output is then e = 0.5#(Z1 — Zo)/(Z, + Z), where Z; 
and Z,2 are the impedances of the two filter sections. In actual ratio-type frequency de- 
tectors the phase angle of the filter impedance 
‘varies with the frequency deviation and the ons 
diode efficiency depends on both applied 
voltage and rectified current. It is therefore 
difficult to compensate perfectly for ampli- 
tude modulation over a wide range of either 
signal level or deviation. The best combina- 


td 


No Partial 
tion of impedances is determined by trial. compensation compensation 
For the circuit of Fig. 7(a), for example, opti- ..27 (a) (b) 
mum values of coil inductance Ly and Ly’, A y 


mutual inductance m, resistance r, and capac- 
itance C' will be found for a particular type 
of tube and range of operating levels for the 
best linearity of desired output and reduction 
of amplitude modulation. 

Some of the possible detector characteris- i 
tics for simultaneous amplitude and frequency Ke y 
modulation are illustrated in Fig. 9. The (c) (d) 
curves drawn with heavy lines show the output Fria. 9. Amplitude Compensation in Ratio-type 
during maximum outward amplitude modu- Frequency Detectors 
lation. Figure 9(a) is for a conventional dis- 
criminator without the compensating effect of the ratio-type detector. Figures 9(6) and 
9(c) are for partial and overcompensation respectively. In (c) high input level produces 
less output over a portion of the deviation range than lower input. 

The diodes carry components of current at the second-harmonic frequency as well as 
at the fundamental frequency. This current returns through the filter sections and pro- 
duces a small second-harmonic voltage which shifts the effective phase of the peak voltage 
to be rectified. This effectively detunes the filter sections synchronously with the ampli- 
tude modulation and accounts for an unbalanced characteristic as illustrated in Fig. 9(d) 
between two signal levels. When the variation in input level is due to deviating over a 
non-uniform selectivity response curve of the receiver, the resulting characteristic may be 
as shown by the dotted line. 

The demodulated signal rises and falls with the applied signal when it is varied slowly, 
asin tuning. This is an advantage, since the proper tuning position is then indicated by 
maximum volume. : i 

Since a large degree of reduction of amplitude modulation is obtained in the ratio-type 
detector stage itself, limiting in the previous stages is not always required, and the signal 
level at the last i-f tube need not be as high as in receivers using limiters. Automatic 
volume control may provide sufficient control of signal level. 

Multipath transmission through space of the signal applied to the antenna terminals of 
the receiver may result in amplitude modulation sufficient to reduce the instantaneous 
input to the diodes in a ratio-type detector below their cut-off level, and in this case a 
receiver having high i-f gain followed by limiter is superior. 
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7. LIMITERS 


An ideal limiter or limiting system for operation at the intermediate frequency of an 
f-m receiver delivers an rms output which is independent of the input when the input is 
above a threshold level. (However, a proposed type ‘dynamic limiter’ gives output 
proportional to the average input but wipes off any a-f amplitude modulation.) It should 
operate instantaneously and therefore should not include time-constant circuits which 
delay its recovery after being subjected to a high input voltage, as, for example, a burst 
of impulse noise. The loading effect of the limiter on associated tuned circuits should not 
change with signal level. 

The greatest value of a limiter is in reducing amplitude modulation, synchronous with 
the desired frequency modulation, which may be introduced by the deviation of the fre- 
quency over symmetrical but slightly rounded i-f response curves. It is also of value in 
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reducing random or impulse noise which occurs while the carrier is deviated from the 

mean. 

GRID-BIAS LIMITERS. Limiters in which the operation is controlled by the bias 

developed by grid rectification are more commonly used than other types. The funda- 

mental component of the plate cur- 

rent of a grid-bias limiter is main- 

+40 to +80 v tained substantially constant over a 

14 considerable range of input (usually 

output. about 10 to 1) by a proper correla- 

NZ , tion of the bias developed at these 

100,000 02 levels with the bias necessary to cut 

off the instantaneous plate current, 

200 ppt +B thereby compensating for the change 

AE in angle in each cycle over which the 

plate circuit is conducting. This re- 

Fria. 10. Grid-bias Limiter lation is most easily obtained in a 

pentode tube since its plate current 

is nearly independent of the plate load. A typical circuit is shown in Fig. 10. The out- 

put is applied to a circuit tuned to the fundamental frequency (usually the discriminator), 

and the harmonics are filtered out. A sharp-cutoff tube is used since limiting may then 
be obtained at low input levels. 

A typical grid-bias limiter static characteristic is shown by the solid line in Fig. 11. If 
the grid resistor is too small, the efficiency of grid rectification and the developed bias are 
too small, so that the angle of plate conduction is not reduced sufficiently at high input 
levels, and the output current rises, as shown by the upper curve. Conversely, if the grid 
resistor is too large, the output falls as shown by the lower curve. At very high input 
levels the proper relations cannot be held for any proportions and the output again rises. 
Although the static characteris- 
tic of a grid-bias limiter may be 
made flat over a wider range 
than shown by placing resistors 
by-passed to ground in the plate- 
or screen-supply circuits, the 
overall operation in the presence 
of impulse noise is not satisfac- 
tory since the conditions follow- 
ing a burst of noise are not 
normal and the output suffers 
during the recovery time of the 
plate or screen circuits. -20 —10 0 +10 +20 +30 +40 

An approximate rule for flat Relative input voltage in decibels 
limiting which holds for pentode Fra. 11. Grid-bias Limiter Characteristics 
tubes may be used if the co- 
efficient a in the expression ig = ae* for the grid current 7 in terms of the instantaneous 
applied grid voltage e is known. The product arE,.% should be 35 or 40, where r is the 
grid resistor in ohms and £, is the d-c grid voltage necessary to cut off the plate current 
with the screen voltage selected. The rms plate current is then approximately 0.5gmE- 
in the range of rms input voltage from 0.7 to 7.0H,, where gm is the transconductance of 
the tube with small negative bias at the screen voltage selected. The level at which limit- 
ing occurs with common tubes is ordinarily between 1 and 3 volts but may be adjusted 
over a small range by selecting the screen voltage. 
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Cascaded limiters are often used to cover a greater range of input signals over which 
limiting is effective. The voltage applied to. the grid of the last limiter from that developed 
in the tuned output circuit of the previous limiter is made to fall at a point below the final 
upward curvature of the static characteristic so that an additional 10-to-1 range in level 
may be handled. All the i-f tubes may act as limiters when the i-f amplifier is used only 
for f-m signals. The rectified d-c voltage in the grid resistor may be filtered and used for 
ave bias. 

The time constant of the r-C combination in the input circuit of a grid-bias limiter should 
be as short as is consistent with little loss of i-f gain. The recovery time is then fast enough 
so that the program is not eliminated for an audible interval after a burst of impulse noise. 

PLATE LIMITER. A plate limiter operates when the plate voltage of a triode or 
pentode swings downward to that portion of the plate-current plate-voltage characteristic 
where an increase in grid voltage in the positive direction produces no increase in plate 
current. The stage is operated with very low plate-supply voltage and with a high- 
impedance plate load. During negative grid voltage swings the plate current is cut off. 
The instantaneous output current swings between the maximum and zero, and tends to 
deliver a rectangular wave at high input levels. The rms output voltage increases slightly 
with increase of input level until the output current has assumed the rectangular wave 
form, and is then somewhat less than half the plate-supply voltage. The harmonics of 
voltage in the output are eliminated in the tuned circuit. 

Heavy grid current loads the input circuit of a plate limiter during positive grid swings. 
This may be restricted by a resistor in series with the grid lead but may still influence the 
selectivity and gain of the input tuned circuit. A plate limiter has the advantage of rapid 
recovery time if the plate- and screen-supply voltages are not influenced by the tube load 
but is more often used in clipping and shaping pulses than in amplitude limiting in f-m 
receivers. 

LOCKED-IN OSCILLATOR. An oscillator operating at the intermediate frequency 
or some submultiple thereof may be used to cause the receiver to be non-responsive to 
amplitude modulation and may be synchronized or locked in by the i-f signal and then 
follow its deviation. An oscillator remains in synchronism over a wider band, and its 
output is slightly greater, for high signal inputs than for low. It has been found to be 
most satisfactory when operated at a submultiple of the intermediate frequency. It then 
has the advantage of having an output frequency which will not feed back to the previous 
i-f stages. However, it requires an input signal above 1 volt and in this respect is no more 
satisfactory than a grid limiter. Discriminators for use with synchronized oscillators must 
be specially proportioned to take care of the interaction with and the loading of the oscil- 
lator circuits. 

A frequency detector which operates as a locked oscillator in which the frequency is 
controlled over the deviation range by quadrature feedback from the plate circuit of a 
heptode tube, and which simultaneously provides an audio output in the plate circuit, has 
been described. The output is linearly proportional to the frequency deviation and is 
independent of i-f amplitude, provided the latter is great enough to maintain synchronism. 
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DISTORTION AND INTERFERENCE IN F-M SYSTEMS 


By B. D. Loughlin 


In f-m systems, just as in a-m systems, distortion can result from a non-linearity of the 
input-output characteristic of the modulator or frequency detector. However, the modu- 
lator of the transmitter can generally be properly designed to have a substantially linear 
input-output characteristic over the operating range. In the commonly used phase 
modulators which are inherently non-linear for large phase deviations, satisfactory lin- 
earity is obtained by restricting the operating range to use small phase deviations at the 
modulator, followed by frequency multiplication to obtain the desired frequency modula- 
tion. It is also relatively straightforward to obtain linear frequency detection from the 
commonly used f-m detectors when they are receiving an ideal f-m signal of constant 
amplitude. Thus the commonly used frequency modulators and detectors are generally 
designed so that they contribute only a small amount of distortion to the f-m system. 

This section treats the special forms of distortion which are unique to an f-m system 
and which arise from translating the f-m signal through the amplifiers of the transmitter 
and receiver and through the transmission medium. When the f-m signal passes through 
the amplifiers of the transmitter or receiver, f-m distortion can result because of inade- 
quate band width or non-linear phase characteristic. Also, if the transmission charac- 
teristics of the amplifiers are not flat over the frequency deviation of the applied signal, 
spurious amplitude modulation synchronous with the frequency modulation is introduced, 
which may cause distortion if there is incomplete rejection of amplitude modulation by 
the f-m detector system. Another serious form of f-m distortion, producing both spurious 
amplitude and frequency modulation, results from multipath transmission between the 
transmitter and receiver. 


8. F-M DISTORTION FROM NON-UNIFORM AMPLITUDE 
AND PHASE CHARACTERISTICS 


When an f-m signal is translated through an amplifier or network having a non-uniform 
amplitude or phase characteristic, some spurious frequency modulation (in other words, 
f-m distortion) results. The f-m distortion results 
pia Network op because the various sideband components of the f-m 
signal are translated with different amplitude and 
delay and thus do not correctly combine in the out- 
put. The first approximation to the distortion can 
be obtained by a quasi-steady-state analysis. Ina 
quasi-steady-state analysis, it is assumed that at any 
instant the f-m signal is translated with an amplifi- 
cation and delay determined by the steady-state 
amplitude and delay characteristics measured at a 
frequency equal to the applied instantaneous fre- 
quency. The delay used is, of course, the envelope 
delay, that is, the slope of the phase characteristic 
at the particular frequency. 

To illustrate the quasi-steady-state solution, as- 
sumed amplitude and phase characteristics, with 
the resulting delay characteristic, are shown in Fig. 
1. An applied f-m signal with a sine wave of modu- 
lation is shown together with the resulting output 
signal instantaneous frequency and amplitude 
modulation. It can be seen that the non-uniform 
Bia nl) ‘Quascatendy-statet Apprommie: amplitude characteristic introduces spurious am- 

tion for F-M Distortion plitude modulation and no f-m distortion but that 

the non-uniform delay results in an f-m distortion 

due to different delay for different parts of the audio cycle. The resulting distortion can 

be found by a graphical Fourier series analysis, or a Fourier series expansion of the output 

f-m equation. In accordance with this approximate analysis method the output frequency 
modulation would be: 
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fm. = asin p(t — ta) (1) 


where a = maximum frequency deviation, p = angular modulation frequency, and tg = 
delay of circuit (a function of instantaneous frequency). In this tg = f + F(a sin pt), 
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where t = center frequency delay, and F( ) = function giving delay distortion vs. fre- 
quency, so that 
f.m. = asin [p(é — %) — pF(asin pt)] (2) 


and thus if the delay function is known the distortion due to non-uniform delay can be 
found. 

The above quasi-steady-state solution is an approximate method useful mainly for 
small distortion in systems with a large deviation ratio, so that the signal deviates fairly 
slowly over the band width required by the deviation. A more accurate, and correspond- 
ingly more tedious, method of distortion analysis, which is particularly applicable to f-m 
signals having a small deviation ratio, is now described. 

The applied f-m signal can be analyzed into a series of sidebands (as described in 
article 8-1). These sidebands can be applied to the transmission network under con- 
sideration, and the amplitude and phase of each sideband component can be modified in 
accordance with the steady-state amplitude and phase characteristic at each sideband 
frequency. The resulting modified components can then be added together giving an 
output signal vector with a specific phase variation with time. The differential of the 
phase variation will give the instantaneous frequency of the output signal, which can be 

‘compared with the input signal to determine the f-m distortion. 

The above-described sideband analysis-synthesis method for evaluating distortion can 
be usefully modified. The modified analysis method is particularly applicable to the case 
where relatively few of the total number of sidebands are modified by the transmission 
through the network, such as might result from distinct sideband cutting in sharp cut- 
off filters. In this method it is first assumed that all the sideband components of the f-m 
signal are transmitted by the network without distortion, by a uniform amplitude and 
delay (generally selected as the amplitude and delay at center frequency). It is then 
assumed that sideband components are produced within the network of such amplitude 
and phase that, when they are added to the delayed undistorted sidebands, the actual 
transmission of the network is represented. The sideband components which are added 
by this means represent the f-m distortion. 
The incremental change in phase of the de- 
layed undistorted signal vector, produced 
by the added sideband components, can be 
readily calculated, and the differential of 
this incremental change in phase gives the 
f-m distortion, which can be analyzed into 
harmonics by a Fourier series analysis. 

The f-m distortion produced by several 
cascade-coupled tuned circuits can be calcu- 
lated by the modified sideband analysis- 
synthesis method. The results of such cal- 
culations are shown in Fig. 2.* These curves 
show that the f-m distortion produced is 
minimized by using less than critical cou- 
pling, and that for broadcast frequency 
modulation, with its large deviation ratio, 
the distortion due to this cause is small. 0 

In commercial entertainment f-m_ re- : 
ceivers, frequent use is made of coupled Relative deviation KC 
tuned circuit transformers with 0.7 to 0.8 of teavency C auroaneeey 
eritical coup ling. It 18 PRET esyng pomno:e Fig. 2. F-M Distortion from Three Cascade 
that coupled circuits with 0.7 of critical Moublechincdulrdustonners 


coupling have a substantially linear phase : 
characteristic, so that the only f-m distortion produced is due to the second-order effects 


of a non-uniform amplitude characteristic. Thus in many commercial f-m receivers, 
particularly those operating with large deviation ratio signals, the f-m distortion due to 
non-uniform amplitude and phase characteristics is generally negligible. 
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9. DISTORTION DUE TO INCOMPLETE REJECTION OF AMPLITUDE 
MODULATION 


Ideally, spurious amplitude modulation, such as produced by non-uniform amplitude 
characteristics, should not affect the output signal of an f-m system. However, practi- 
cally speaking, it is a frequent cause for distortion in commercial f-m receivers. 


* From some unpublished work by L. F. Curtis of Hazeltine Electronics Corp. 
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Practical matters, such as ease of alignment, tolerance of manufacture, and adequate 
selectivity, frequently dictate the use of undercoupled circuits in commercial f-m receivers, 
thus resulting in a non-uniform amplitude characteristic. Even receivers designed to 
have a flat selectivity curve are frequently in trouble as the result of spurious amplitude 
modulation when the receiver is not accurately tuned or when the set drifts out of align- 
ment. Thus it is desirable that the f:m detector system have fairly complete rejection of 
amplitude modulation in order to reduce distortion. 

The amount and type of harmonic distortion produced by the spurious amplitude modu- 
lation is determined by the manner of the detector response to it. As indicated by Figs. 
9(b) and 9(d) (p. 8-23), the response of the detector to amplitude modulation may be in 
a balanced or an unbalanced manner, or a combination of the two. As shown here, by 
Fig. 3, a receiver having a rounded-top selectivity curve, and correctly tuned, gives 
predominantly third-harmonic distortion when the detector has a balanced response to 
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amplitude modulation and gives predominantly second-harmonic distortion when the 
detector has an unbalanced response to it. 

The harmonic distortion can be calculated by writing the equation for the f-m detector 
input-output characteristic in terms of both input signal frequency and amplitude. Then, 
the equation for the signal amplitude vs. the signal frequency is found from the selectivity 
curve. By considering the input signal to be frequency-modulated by a sine wave, the 
resulting output from the detector can be written as a trigonometric series. Substitution 
of suitable trigonometric expansions will give the fundamental and harmonic output signals. 

As an example, consider a receiver with an i-f amplifier system including two coupled 
circuit transformers having 0.7 of critical coupling and a band width such that the re- 
sponse is down 6db at full system deviation (at +75 ke for broadcast frequency modula- 
tion). Figure 4 shows that the amplitude characteristic of such an i-f system can be closely 
approximated by a parabola, giving: A; = 1 — 1/2 (Af)?, where Af = 1 corresponds to full 
system deviation. Now the response of a balanced discriminator can be represented as 
Ey = Ack(Af), where Ag is the applied signal amplitude, and k relates to the f-m detector 
slope. If the amplitude modulation of the signal applied to the detector is effectively 
reduced by some a-m reduction factor (a), then the amplitude modulation due to the i-f 


selectivity is effectively reduced to Ay = 1 — . (Af)?.. Then the detector output is: 


Ey = [3 =. can? | b (A) = k (AN — Sk (an (3) 


Applying a sine wave of frequency modulation, Af = sin pt (for 100 per cent modulation), 
then Ho = ksin pt -5 k sin’ pt = k ( BS «) sin pt + = sin 3pt, thus giving: Per cent 
100a 


8(1 — 3/ga) 
relation can be seen to give approximately 5 per cent of third-harmonic distortion. 


third-harmonic distortion = For an a-m reduction factor (a) of 0.35, this 
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It can be seen from the above that the exact amount and the harmonic order of the dis- 
tortion will be affected not only by the selectivity and the manner and degree of the f-m 
detector response to amplitude modulation but also by the alignment of the detector 
relative to the intermediate frequency and by the tuning of the center frequency of the 
f-m signal relative to the center frequency of the intermediate frequency. In particular, 
it is possible to obtain regions of high audio output and large distortion when, as the signal 
is detuned, the carrier level at the detector system falls below that necessary for good a-m 
rejection and when the carrier, at the same time, is tuned on the steep side-slopes of the 
i-fresponse. Such distorted side responses can be considerably reduced by using a rounded- 
top i-f selectivity in conjunction with a well-designed ratio f-m detector. 


10. DISTORTION DUE TO MULTIPATH RECEPTION 


When the same radio signal is received over several paths having different delay times, 
the several signals may combine to give increased or decreased amplitude and/or an ad- 
vance or delay in the resulting carrier phase. For fixed differences in time delay of the 
paths, the relative phase of the signals will vary with frequency of the signal. Thus multi- 
‘path reception of an f-m signal will result in spurious amplitude and spurious phase modu- 
lation relative to the desired signal. The various signals can combine so that a substantial 
null in transmission exists at certain frequencies. As the carrier deviates through such a 
null frequency, a sudden downward amplitude modulation results in conjunction with a 
rapid change in phase. The sudden change in phase can result in significant spurious 
frequency modulation. It appears that, where multipath transmission is expected, it is 
of primary importance that the f-m detector system have good a-m rejection, particularly 
in terms of rapidity of action and amount of downward amplitude modulation that can 
be accommodated. In general, the resulting f-m distortion cannot be eliminated; however, 
a large amount of amplitude modulation is generally produced before such distortion is 
severe. Thus, good a-m rejection helps considerably but cannot eliminate multipath dis- 
tortion effects. 

Although numerous examples of multipath transmission distortion have been cited on 
the higher frequencies of 50 to 100 Me,* it does not appear to represent a serious threat to 
the f-m broadcast industry. However, multipath transmission distortion virtually makes 
voice communication by frequency modulation impractical on the long-distance short- 
wave bands of 5 to 30 Mc.t The many paths of transmission occurring during ‘‘skip’’ 
transmission on these frequencies result in the familiar selective fading frequently produc- 
ing serious f-m distortion, particularly as the deviation is increased. 


11. CROSS-TALK AND BEATNOTE INTERFERENCE 


Interference in f-m systems may arise from other generated signals, such as communica- 
tion f-m or a-m signals, either received directly or through spurious receiver responses, or 
it may arise from noise signals of such form as fluctuation noise or impulse noise. The 
response of an f-m system to such interferences is, in general, quite different from that of 
an a-m system. For example, cross-modulation on amplitude modulation, where the 
modulation of a strong undesired a-m signal produces amplitude modulation of a desired 
signal, has no exact equivalent in an f-m system. The non-linearities which produce cross- 
modulation in amplitude modulation produce some spurious signals in an f-m system which 
can have the frequency modulation of both signals, but no direct cross-modulation of 
one carrier modulation upon the other carrier is produced.t 

If two carrier signals of different frequency exist in a linear system, the resulting signal 
(see Fig. 5) has amplitude and phase modulation at the difference frequency rate. When 
the ratio of the two signals is substantially different from unity, the fractional amplitude 
modulation and the radian phase modulation are equal to the fractional signal ratio, that 
is, the ratio of the weaker signal amplitude to the stronger signal amplitude. The average 
frequency of the resulting signal, being the average number of cycles per second, is the 
frequency of the stronger signal. Since the instantaneous frequency modulation is de- 
termined by taking the differential of the phase modulation, the resulting signal has a 
frequency modulation that is not only proportional to the signal ratio but also directly 


* Frequency-Modulation Distortion Caused by Multipath Transmission, M. S. Corrington, Proc. 
I.R.E., Vol. 33, 878 (December 1945). 

+ Observations of Frequency-modulation Propagation on 26 Megacycles, M. G. Crosby, Proc. I.R.E., 
Vol. 29, 398 (July 1941). ; A 

t Two Signal Cross-modulation in a Frequency-modulation Receiver, H. A. Wheeler, Proc. I.R.E., 
Vol. 28, 537 (December 1940). 
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proportional to the frequency difference between the carriers. Thus, if the two carriers 
are applied to an ideal f-m detector system, the average detector output will be determined 
by the average frequency of the stronger signal and an f-m beatnote will occur in the de- 
tector output having a frequency equal to, and an amplitude proportional to, the differ- 
ence in frequency between the carriers. 


FREQUENCY MODULATION 


When the ratio of the two beating signals is far from unity, the a-m, p-m, and f-m beat- 


n7@c 

E=composite signal 
=C+N 

€,and €, represent extremes 
of amplitude variations 


6, and 8, represent extremes 
of phase variations 


When N small compared to C: 


notes are all substantially sinusoidal. However, 
as the ratio approaches unity, the beatnote wave 
forms depart from sinusoidal, as shown in Fig. 6. 
In particular, the f-m beatnote approaches a pulse 
wave form as the signal ratio approaches unity. 
In an ideal f-m detector system, the detector re- 
sponds only to the frequency modulation of the 
stronger signal, resulting in substantially no cross- 
talk from a weaker signal.* This applies to co- 
channel as well as adjacent channel signals, if the 


desired-to-undesired-signal ratio is measured just 
preceding the circuit which effectively reduces or 
which is effectively non-responsive to the amplitude 
modulation of the signal. For co-channel interfer- 
ence, an f-m beatnote, of variable frequency, re- 
sults which has considerably less amplitude within 
the audio spectrum (owing to the triangular f-m 
ce beatnote spectrum as shown in Fig. 5) than 
would exist in an a-m system. The direct 
L audible beatnote interference does not exist for 
So adjacent-channel interference in a conventional 
Frequency of N (f) f-m receiver. 
Addition of Two Carrier Signals In practical f-m receivers the ideal perform- 
ance in regard to co-channel and adjacent- 
channel interference is not realized because of inadequate a-m rejection. The amount by 
which the signal ratio can approach unity is generally limited by the downward a-m rejec- 
tion capability of the system. This generally means that the signal ratio can get to within 
only 3 to 6 db of equality before cross-talk results, even with good f-m detectors. When 
considering the signal-to-interference ratio for the adjacent channel case, the most adverse 
condition during modulation must be taken. This exists when the undesired signal has 
maximum deviation toward the center of the i-f pass band, and, owing to the sharp skirt 
selectivity, this condition may differ considerably from the unmodulated case. 


Another practical limitation results from amplitude 
inadequate rejection of superaudible ampli- modulation wd SON ~~ 
tude modulation produced in adjacent- 
Phase 
modulation WR Wee t+ 


channel interference, where the beatnote 
Frequency 
modulation ag maTE frat 
k=% k=1 


generally exceeds 200 ke. The grid-bias 
limiter plus balanced discriminator type of 
k-0 
Vertical scale is actual modulation xt 
Fie. 6. 


Peak a.m. (as a fraction) w=k 
Peak phase modulation (radians) ay XM =k 


N N 
Peak fim. Grd) OT (f-f,) 


Fria. 5. 


f-m detector system suffers from this limi- 
tation. The usual limiter grid-circuit and 
diode load time-constants do not permit 
following of the superaudible amplitude 
modulation, resulting in an effective unbal- 
ancing of the discriminator and a change in 
average output of the limiter. This limita- 
tion frequently requires a signal-to-inter- 
ference ratio of about 20 db to eliminate 
cross-talk from adjacent channel signals, 
when this f-m detector system is used. De- 
tector systems not including the equivalent of this time-constant limitation are generally able 
to tolerate a 3- to 6-db signal-to-interference ratio to eliminate adjacent channel cross-talk. 


Beatnote Wave Forms 


12. FLUCTUATION NOISE INTERFERENCE 


Fluctuation noise, such as thermal noise of resistive impedances, and shot noise and 
divisional noise of vacuum tubes, can be considered equivalent to a uniform spectrum of 


* Common Channel Interference between Two Frequency-modulated Signals, H. A. Wheeler, Proc, 
I.R.E.. Vol. 30, 34 (January 1942). 
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energy in which the components have random phase or timing. When the noise is small 
compared to the signal, any individual noise component will beat with the carrier to give 
an. f-m beatnote as illustrated in Fig. 5. Thus the resulting audio noise consists of pre- 
dominantly high audio-frequency components giving a characteristic high-frequency hiss 
for f-m noise as compared to the uniform spectrum with considerable low-frequency 
rumble for a-m noise.* 

To find the rms value of the audio noise, the output noise spectrum can be squared, the 
resulting squared spectrum can be integrated over the audio band, and the square root 
of the integral taken. Using this for the simple case of an audio system with uniform 
response and sharp cut-off, the f-m signal-to-noise ratio to the a-m signal-to-noise ratio 


(called the f-m improvement ratio) is found to be V3 fa/fa, when fa is the maximum audio 
frequency and fg is the maximum frequency deviation of the system. For 15-ke audio 
and 75-ke deviation this gives an f-m improvement of 18.8 db. 

By including a de-emphasis low-pass filter in the receiver, which is compensated for by 
a complementary pre-emphasis circuit at the transmitter, the f-m signal-to-noise ratio 
can be further improved. In this case the f-m signal-to-noise ratio including de-emphasis 
to the a-m signal-to-noise ratio not including de-emphasis is given by: 


fa 
fo — fo, -1 fa 
fa fo 


where fo is the frequency for 3-db attenuation of the de-emphasis filter. For broadcast 
frequency modulation with 15-ke audio, 75-ke deviation, and 75-microsecond de-emphasis 
time constant (fp = 2.12 ke), this gives an f-m improvement of 32 db. 

The above relations are derived on the assumption that the noise is small compared to 
the carrier signal. In the region where the peak noise is almost equal to the peak carrier, 
the simple relations are inadequate, and actually the f-m improvement is rapidly lost as 
the signal is made weaker. The approximate threshold for f-m improvement is when the 
peak carrier equals the peak noise. 

Signal-to-noise ratios are frequently expressed in terms of the rms audio signal output 
for 30 per cent frequency modulation to the rms audio noise when the carrier is unmodu- 
lated. Using this definition and applying the approximate equa- 
tions at the f-m improvement threshold (where peak carrier 
equals peak noise after selectivity), the signal-to-noise ratio for 
broadcast frequency modulation with 150-ke i-f pass band is 
about 40 db at. the threshold. Thus, in this case, the frequently 
used 30-db signal-to-noise ratio is near the knee of the improve- 
ment threshold, and when the receiver has good a-m rejection 
it is determined by the signal level which approximately gives 
peak carrier equal to peak noise. For broadcast f-m receivers 
with 150-ke i-f pass band, a 300-ohm antenna, and an assumed 
receiver noise factor of 6 db, the threshold level (peak carrier = 
peak noise) is at about 104 db below 1 volt. This would repre- 
sent a very well-designed set. Normal design receivers have 
an improvement threshold around 90 to 100 db below 1 volt. Sienaiinaue 

, When the peak carrier greatly exceeds the peak noise, the Bidz... Smallsivassarce: 
signal-to-fluctuation-noise ratio of an f-m system is improved by MeviAtGnURATOLnNT 
using a larger deviation ratio. However, a small-deviation-ratio 
system can have narrow receiver selectivity resulting in less total peak noise and thus 
a lower threshold signal level, as illustrated in Fig. 7. Thus, entertainment f-m systems 
where signal-to-noise ratio is important are built using a large deviation ratio, while com- 
munication networks where range of coverage is important use a small deviation ratio. 


noise ratio 


Audio signal - to - 


13. IMPULSE NOISE INTERFERENCE 


When an impulse, such as automobile ignition interference, is applied. to a receiver, a 
transient carrier pulse results having a duration determined by the band. ‘width of the 
receiver and a frequency determined by the center frequency of the i-f selectors. When 
this transient is added to a desired carrier, an amplitude and phase modulation of the 
desired carrier results, depending upon the relative amplitude, frequency, and phase of 
the carrier and the transient. If the carrier amplitude is larger than the peak amplitude 


* Frequency-modulation Noise Characteristics, M. G. Crosby, Proc. I.R.E., Vol. 25, 472 (April 1937). 
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of the transient, the maximum phase modulation that can result is a pulse of less than 
1 radian. In this case the audible interference produced, particularly in large-deviation- 
ratio systems, is very small. : ; 
In the case of most interest, which occurs very frequently, the transient impulse ampli- 
tude greatly exceeds the carrier amplitude. If the desired carrier has a frequency equal to 
the center frequency of the selector, then the transient and the carrier have a fixed phase 
during any one pulse. This results in a pulse of phase modulation which can have @ max- 
imum phase displacement of approximately 180° when the transient and the desired car- 
rier are almost out of phase. 
If the desired carrier has a frequency different from the center frequency of the selector, 
then the transient and the carrier will slip in phase between the beginning and end of any 
one transient pulse. For certain con- 
Phase pulse Phase step ditions of starting phase, this case will 
(“click”) (pop’”) still result in a pulse of phase modu- 
lation as shown in Fig. 8. However, 
there are certain conditions of starting 
phase such that the resulting signal 
vector snaps back to its original phase 
after going through 360° of phase dis- 
placement during the pulse (see Fig. 
8). This produces a step of phase 
modulation instead of a pulse of phase 
modulation. Thus, when the desired 
signal is not exactly on tune either a 
pulse or a step of phase modulation 
Phase — as can result from a strong impulse noise, 
ate || with the probable occurrence of the 
Om oO a 
phase step becoming greater as the 
signal is further detuned. 
When a phase pulse is applied to 
Frequency | an ideal f-m detector, the output sig- 
modulation ——_|—— nal is a double-polarity pulse. This 
double-polarity pulse applied to the 
de-emphasis filter and audio system 
results in a unipolarity pulse having 


Signal (E¢) plus 
impulse (Ej 
vectors 


27 


ix relatively little energy and a short 
eure | ae duration determined by the cut-off 
Time—> Time—> frequency of the audio system. This 

Fia. 8. Impulse Noise Interference weak audio output noise is sometimes 


called a “click.” When a phase step 
is applied to an ideal f-m detector a unipolarity pulse results. This pulse applied through 
the de-emphasis filter and audio system gives a pulse with an exponential decay deter- 
mined by the de-emphasis time constant and thus having relatively more audio energy. 
This louder audio noise is sometimes called a ‘‘pop.”’ * 

Thus, when a strong impulse is applied to an f-m receiver, either a noticeable pop or 
weak click may result in the audio output, with the probable occurrence of the ‘‘pop”’ 
being directly related to the detuning of the desired carrier relative to the center frequency 
of the selector. In broadcast f-m with 75-ke deviation and 75-microsecond de-emphasis 
time constant, the click may have a peak amplitude between zero and about 6 per cent 
of full modulation, and the “‘pop’’ will have a peak amplitude of about 18 per cent of full 
modulation. The amplitude and probability of occurrence of the pop is almost independ- 
ent of the amplitude of the impulse after it exceeds the carrier level by several times. 

To obtain the performance described above, the f-m receiver must have good a-m rejec- 
tion; otherwise the large amplitude modulation resulting from the impulse noise will be 
heard. Also, care must be taken to see that the receiver recovers immediately after a 
strong impulse; otherwise the absence of a signal immediately after an impulse may result 
in a large audio output due to inadequate downward a-m rejection. This trouble can 
result particularly in a grid-bias limiter with an improper grid time constant. Another 
limitation preventing ideal performance can be spurious phase modulation produced 
within the receiver, during the impulse, from such causes as change in input capacity of 
amplifier tubes. 


* The Theory of Impulse Noise in Ideal Frequency-modulation Receivers, D. B. Smith and W. E. 
Bradley, Proc. I.R.E., Vol. 34, 743 (October 1946). 
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PULSE TECHNIQUES 


PULSES AND PULSE SYSTEMS 


By Harold A. Wheeler 


1. INTRODUCTION 


The various uses of pulses in signaling and measurements were greatly advanced during 
World War II with the advent of numerous devices for aiding navigation, detecting and 
locating enemy craft, and performing difficult measurements and computations. It is 
the purpose of this section to give a broad perspective on the many applications of elec- 
tronic pulse techniques and their limitations, together with a few of the more common 
circuits and a large bibliography for further reference. 

Pulse coding is exemplified by the time-honored telegraph codes, which were originally 
operated slowly enough for crude mechanical devices, manual transmission, and auditory 
reception. Electronic pulse techniques were adapted to code systems for amplifying weak 
signals and expediting the various processes. 

Pulsed radio waves date back to the original spark transmitters of Hertz and others, 
which set the pattern of early radio communication. With the obsolescence of spark 
transmitters began the evolution of electronic pulse transmitters, which had their greatest 
use in ‘“‘radar’”’ during the war. They now develop as much as a megawatt of pulse power 
at frequencies around 3000 megacycles (wavelength 10 cm). In some cases, the old rotary 
spark gap has been revived to key the new magnetron pulse transmitters. 


2. COMPARISON OF CONTINUOUS WAVES AND PULSED WAVES 


Various kinds of information, such as voice or music, are transmitted by corresponding 
modulation of a carrier wave. (See Section 5, Transients in Networks, and Section 17, 
Telephone Systems.) In the simplest form, the carrier is a continuous wave of a fixed 
frequency, and its amplitude is modulated in accordance with the sound wave or other 
information to be transmitted. Amplitude modulation is unique in that the modulated 
wave can be transmitted within the narrowest bandwidth in the frequency spectrum. 
Other forms such as frequency modulation and pulse modulation require excess bandwidth 
but in return they secure some advantages which may justify the cost in bandwidth. 

The continuous waves used in amplitude or frequency modulation on one hand, and 
pulsed waves on the other hand, have entirely different properties which require different 
points of view in their application. These differences are most pronounced in the selection 
of one signal out of several signals or noise of comparable amplitude. 

Figure 1 shows the principles of selection between two signals, regardless of their relative 
amplitude. As modulated continuous-wave signals are coextensive in time, frequency 

selection must be used for each channel 
First channel by means of band-pass filters. Pulsed 
Second channel signals, however, can be separated in 
pet cmmonic of second channel time, and so it is possible to use time 
sa selection as well as frequency selection 
for filtering one channel from another. 
The “skirt selectivity” in frequency se- 
lection denotes the attenuation just 
Fra. 1. Selection in Frequency or Time outside the desired frequency band; in 
time selection it denotes the rate of 
damping of one pulse to clear the way for the next pulse of another channel. Frequency 
selection is subject to harmonic interference, as shown in dotted lines in Fig. 1; the anal- 
ogous interference in time selection is caused by pulse echoes in the transmission paths 
in enclosed circuits or open space. 

In any system including several signals with the same form of modulation, some severe 

requirements have to be met in order to avoid interference between signals. Continuous- 
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wave signals require that the response be very nearly linear in order to avoid harmonic 
interference or cross-modulation of one signal by another. This is not a requirement for 
pulses separated in time, because they are not coexistent. Instead, the pulse signals 
require that each pulse be damped out immediately after its occurrence and that later 
echoes be avoided. 

The rating of equipment for pulse modulation places the emphasis on peak values rather 
than average values. For example, small vacuum tubes can be made to tolerate high 
peak values of current and voltage if they occur during only a small fraction of the time. 
Accumulative effects, such as heating and the decomposition of the glass, become less 
important because they depend on average values. 


3. TYPES OF PULSE MODULATION 


The many possible ways of modulating pulses involve three basic types of modulation 
as illustrated in Fig. 2. Height modulation (a) corresponds to amplitude modulation of 
a continuous wave. Width 
modulation (b) and _ spacing 
modulation (c) involve only 
the time dimensions and are 
therefore not critically depend- 
ent on the pulse amplitude. 

The greatest advantages of 
pulses are realized in time mod- 
ulation (b) or (c) as distin- Time 
guished from amplitude modu- (6) Width (duration) 
lation (a) in Fig. 2. The tele- 
graph codes are an example of | | | | | | | | | | 
width-and-spacing modulation. - 
It is permissible to use ampli- me 
tude aceite or limiting nie (C) Spacing (phase, frequency) 
cuits, since the amplitude need Fia. 2. The Three Basic Types of Pulse Modulation 
not be preserved. Also the de- 
tectors are made responsive to timing and can be made unresponsive to amplitude fluctua- 
tions such as power-supply ripple. 

Pulse echo systems, such as radar, utilize the timing of the echo to determine the dis- 
tance. Some pulse systems use directive antennas which receive alternately on two crossed 
lobes of the directive pattern. In this case, the relative amplitude of echo pulses must be 
preserved and the direction of reception is observed at the intersection of the two lobes 
by equalizing the echo-pulse amplitudes. 

Some kinds of information, such as numbers, can be transmitted by grouping together a 
number of pulses in succession. Each group can be evaluated by a pulse counter. Mul- 
tiple-pulse coding is essentially similar to pulse-width modulation but has some advantages 
in handling and in reliability of decoding. 

The modulation of pulses of uniform width is similar to the modulation of a subcarrier, 
which in turn modulates a carrier. The pulse frequency is intermediate between the 
modulation frequencies and the carrier frequency, as is a subcarrier frequency. In the 
case of pulses, however, several sets of short pulses of the same frequency can be super- 
imposed for multiplexing simply by displacement in time, whereas each continuous-wave 
subcarrier would need a different frequency. The pulse pattern can be subjected to any 
method of modulation applicable to a carrier or subcarrier, notably amplitude modulation 
as in Fig. 2(a) and phase or frequency modulation as in Fig. 2(c). 


Time 


(a) Height (amplitude) 


4. SPEED OF INFORMATION 


A time variation of a quantity (such as current or voltage) may be regarded as comprising 
a succession of contiguous pulses of varying amplitude (see Fig. 4, p. 5-28). The speed of 
information that can be transmitted through a signal channel by such a variation may be 
conceived as the maximum frequency of such pulses whose presence or absence can be 
individually detected. (A space is regarded as an absent pulse, or one of zero amplitude.) 
Therefore the speed of information is limited by the frequency bandwidth. In the case 
of a low-pass channel (or one-half of a double-sideband band-pass channel), the nominal 
minimum bandwidth is one-half the maximum pulse frequency as here conceived, but 
somewhat greater bandwidth is needed for insurance of pulse damping and for skirt 
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selectivity against adjacent frequency channels. Figure 3 shows the nominal bandwidths 
required for a speed of information equal to 2f,. (The maximum pulse frequency as here 
used is twice the maximum frequency of discrete pulses separated by intervening spaces of 
equal width; for those separated pulses 


Augmented bandwidth the nominal minimum bandwidth be- 

2 Minimum bandwidth comes equal to the pulse frequency.) 
2 ae The foregoing relation is based on 
iS mst pee aS Pareicat the assumption of adjacent non-over- 
= } I lapping pulses, although some overlap 
is permissible in practice. The particu- 
O fe Frequency fo—-fe = fo ye + fo lar needs of the system determine how 
Fia. 3. Frequency Bandwidths Required for a Certain much the actual bandwidth must exceed 
Speed of Information the nominal minimum bandwidth. Fig- 


ure 4 shows the distortion of a discrete 
square pulse which is caused by reduction of system bandwidth. 

In Fig. 4 the square pulse (a) represents the voltage pulse or the current pulse produced 
by a system with a very wide bandwidth. In the remaining cases the nominal bandwidth 
of the system (f,) is successively reduced to show its effect on the output pulse caused by a 
square input pulse. Case (b) shows a system bandwidth (f-) approximately four times 
that of the nominal pulse bandwidth. This limitation causes sloping sides but retains a 
flat top over part of the pulse width. In (c), the system bandwidth is reduced to twice 
the nominal pulse bandwidth, just leaving a peak at the original amplitude. A system 
bandwidth equal to the nominal bandwidth of the square pulse (d) leaves the pulse 
slightly reduced in amplitude and considerably widened. Further, halving of the band- 
width (e) reduces the amplitude of the output pulse to less than one-half of the value in (a) 
and increases the width to more than double. Cases (c) or (d) may be regarded as practical 
compromises. 

Like frequency modulation or subcarrier modulation, pulse modulation unavoidably 
increases the bandwidth requirements for the same speed of information, in the manner 
of the augmented bandwidths indicated by dotted lines in Fig. 3. The greater bandwidth 
inherently increases the average power of background noise caused by thermal agitation 
of electrons. It also makes 
possible a proportional in- 
crease in the peak power by 

: i Lainie (a) 
pulsing, while maintaining 
the same average power. 

If the signal amplitude is 
comparable with the noise 
amplitude, a change to puls- (0) 
ing with its greater band- 
width is no advantage. If 
the signal is somewhat 
stronger than the noise, (c) 
however, and if the pulses 
are modulated in time, it is 
found possible to secure an 
advantage in signal-to-noise 
ratio which is comparable (d) 
with that obtained in wide- 
band frequency modulation 
over the same bandwidth. di-ee 
Therefore, if the augmented (@) 
bandwidth is available, pulse 0 
modulation is another way O fe 
to take advantage of it. Fie. 4. The Widening of a Square Pulse by Reduction of Frequency 

It may happen that, for Bandwidth 
some reason, more band- 
width is available than the minimum needed for the desired speed of information. At 
very high frequencies, the accidental frequency fluctuations of the signal may require an 
augmented bandwidth in the receiver. Some of this excess bandwidth may then be utilized 
to advantage by pulse modulation. 
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5. COMMUNICATION 


The various types of pulse modulation have long been used in low-speed and high- 
speed code transmission of word messages (see Sections 17 and 18, Telephony and Teleg- 
raphy), but the greatest advance in pulse techniques has been utilized more recently in the 
multiplex transmission of several voice channels on a single microwave beam as a carrier. 
ae system is taken as an example of the communication possibilities with pulse modu- 

ation. 

The carrier is modulated in short pulses, and the pulse spacing is modulated by sound 
waves. This is the type of modulation shown in Fig. 2(c) above. The multiplex operation 
is accomplished by interspersed pulses as shown in Fig. 5. A single group of pulses com- 
prises a sequence including one 
pulse assigned to each channel. 1 2 3 4 1 
One channel is reserved as syn- 
chronizing pulses to initiate each [Lbs st Of. 
counting sequence in reception. Time 
Hach of the remaining chan- Fy. 5. Multiplex Operation of Several Channels by Pulse-time 
nels is modulated by shifting Modulation 
its pulses in time in accordance 
with the sound wave to be transmitted. The amount of time modulation of each pulse is 
limited so that the modulation of one pulse will never encroach on the time allotted to the 
modulation of the adjacent pulses. 

In the transmitter, the pulses belonging to each channel are synchronized by the first 
channel but are otherwise separately generated and modulated. Then all channels are 
combined with pulses interspersed, and the composite pulse pattern is used to modulate 
the carrier wave. 

In the receiver, the modulated carrier wave is amplified and detected, then each sequence 
of pulses is distributed among the several channels under guidance of the synchronizing 
pulses of the first channel. The distribution of each sequence may be accomplished by 
some form of counting or time selection. As long as the successive pulses are separated 
in time, there is no interference between channels. The time selection of multiplex 
channels offers some advantages over frequency selection, unless there are strong echoes 
with enough delay to overlap succeeding pulses, a condition that can be avoided by highly 
directive beam transmission. 

Reliable reception is generally possible if the desired pulse peaks are received somewhat 
stronger than the peaks of noise or other interference. By amplitude limiting and clipping, 
the pulse peaks are flattened and the lower parts of the pulses (in the noise background) 
are discarded. The result is a succession of square pulses with the same timing as the edges 
of the received pulses. These reconditioned pulses are distributed to the separate channels 
for recovery of the modulation. 

Since the sides of each pulse are sloping, the timing of the reconditioned pulse is still 
subject to some disturbance by background noise, as illustrated in Fig. 6. The noise causes 
some vertical displacement of all parts 
of the pulse, while there is no change 
in the level which determines the recon- 
ditioning and subsequent detection. 
-—— -— Detection level Therefore the vertical displacement is 
translated to a minor amount of time 


Time displacement, always less than the pulse 
doa / Nee width. The time modulation caused 
Fia. 6. Pulse Detection with Background Noise by noise may be compared to the avail- 


able time modulation by the signal, to 
determine its disturbing effect. Increasing the frequency bandwidth proportionately in- 
creases the slopes and thereby decreases the response to background noise (as in wide-band 
frequency modulation). Increasing the available time width for-modulation (as by decreas- 
ing the number of channels) decreases the ratio of the noise modulation to the signal 
modulation. 

The ultimate effect of the noise on the pulse slopes in Fig. 6 depends on the kind of 
detection. The simple detectors of time modulation operate on one edge of every pulse, 
either the leading or the trailing edge. Such detection retains the full effect of the back- 
ground noise on the sloping edge of each pulse. The time detection may be designed to 
operate on the center of the reconditioned pulse, in which event there is approximate 
cancellation of those noise components that merely shift the pulse up and down, as illus- 
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trated in Fig. 6, leaving only the effect of those components that distort the shape of the 
pulse. The choice of the kind of detection depends not only on the noise but also on other 
factors which may be more important. 

A common form of interference in pulse transmission is echoes caused by reflection of 
waves from objects in space or from irregularities in transmission lines. In communica- 
tion between aircraft, the principal cause of echoes is ground reflection. Figure 7 shows 
how an echo may distort the trailing edge of a pulse. A direct pulse is interfered with by a 
slightly later echo pulse (shown in 
dotted lines) which is considerably 
weaker (below the detection level). 
The diagram shows only the envelope 
of the pulsed wave. As the relative 
phase of the carrier wave of the two 


Detection level 


Time pulses may have any angle, the echo 
may add or subtract on the trailing 
Fic. 7. Pulse Detection with Echo edge, as shown. Between fixed trans- 


mitter and receiver, the effect of the 
echo is fairly steady, varying slowly with frequency drift and environment; therefore it 
contributes little or no disturbance in the receiver. If the distance is variable, as be- 
tween aircraft, the relative phase of the two pulses varies at random, and so an echo 
causes noise if the time detection operates on the trailing edge. 

Pulsed waves are most commonly obtained by pulse modulation of a carrier-frequency 
oscillator which delivers the required power directly to the antenna. At the beginning 
of each pulse, the oscillation has to build up from the noise level. Therefore the oscillator 
acts as a superregenerative amplifier of the background noise. The resulting noise on the 
leading edge of the pulse is illustrated in Fig. 8. The modulator pulse is shown in dotted 
lines. At the beginning of the modulator pulse, the oscillation starts to build up expo- 
nentially from the noise level and soon reaches equilibrium at the power level of the oscil- 
lator. However, the fluctuation of the noise causes a variable delay in the build-up of 
successive pulses, which appears as a “‘jitter’’ in the leading edge. If the time detection 
operates on the leading edge, the re- 
sult is noise in the receiver. This 
effect is absent on the trailing edge 
because the latter is determined by 
exponential damping from the stable 
level of the oscillator on the peak of 
the pulse. (The noise on the leading Fic. 8. Output Envelope of Pulsed Oscillator 
edge can be avoided if the pulse 
modulation is applied to an amplifier following a continuous carrier-frequency oscillator, 
but this method has other disadvantages.) 

The use of a very short pulse, shifted in time with modulation, appears to be the most 
economical of power while realizing the advantages of pulse modulation. The pulse dura- 
tion should be nearly the least that can be transmitted within the available bandwidth 
in the frequency spectrum. Then the available average power can be utilized to secure 
greatest pulse amplitude for overcoming noise. Since the detection operates on the edges 
of the pulses, greater pulse duration is no advantage and greater amplitude is a propor- 
tionate advantage. 

Detection on the leading edge, the pulse center, or the trailing edge, is a choice that 
depends on the nature of the system. In beam transmission along a fixed path, echoes are 
unlikely, so detection on the trailing edge is preferable to avoid the oscillator noise on the 
leading edge. Broadcast transmission, especially between moving stations, is subject to 
echo interference, which gives the advantage to detection on the leading edge; the oscillator 
is then designed to minimize the superregenerative noise. If both the echoes and the 
superregenerative noise are less than the random background noise, center detection 
would give the best performance and its complication might be justified. 

The potentialities of multiplex pulse transmission are indicated by the studies which 
show that the entire broadcast services for a large city could be transmitted from a single 
microwave system centrally located on the highest building, with a service area limited 
by the uptical horizon. 


Detection level 


Time 


6. PICTURE TRANSMISSION 


In picture transmission by scanning methods (see Section 19, Facsimile, and Section 20, 
Television), pulses are relied on not only for reproducing the picture elements but also for 
timing and synchronizing the scanning process. Since the common systems for picture 
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transmission utilize scanning methods, many examples of pulse circuits and their applica- 
tions are found in both facsimile and television. 

Figures 9 and 10 show respectively the essential components of a picture transmitter 
and receiver with scanning by deflection of an electron beam, as in present-day television. 
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Fic. 9. Block Diagram of Picture Transmitter 
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Fia. 10. Block Diagram of Picture Receiver 


In these block diagrams, the various functions are coded: 


P = picture channel. 
Sc = scanning functions. 
Sy = synchronizing functions. 


The picture signal is generated in the transmitter and converted back to an image in 
the receiver. The scanning function is individual to transmitter or receiver. The auto- 
matic synchronizing operation is initiated in the transmitter by the line-frequency oscillator 
and used directly to time the scanning in the camera tube; it is maintained by transmitting 
timing pulses along with the picture signal, which are selected in the receiver for holding 
in step the scanning in the picture tube. 

Figure 11 shows an example of the pulses involved in the scanning of a single horizontal 
line in a picture. This line is located at the dotted line in the pattern (a). The graph (0) 
shows in the period P the picture signal for the line. As the scanning line crosses the 
circular line, a black pulse is generated; as it crosses each edge of the black disk a step is 
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generated, two steps making a wide pulse. The line signal is preceded and followed by a 
synchronizing pulse Sy which times the successive lines. The sync pulse is communicated 
at an “infra-black’’ (blacker than black) level and so it does not appear in the retrace 
lines back across the picture between lines. The graph (c) shows the sawtooth wave of 
voltage or current which is used to deflect the cathode ray or electron beam, in the camera 
tube or picture tube, from one end of the line to the other. 

The transmission of the picture involves the communication of many pulses, each having 
an amplitude proportional to the brightness of a small element of the picture. The “speed 
of information” may be expressed as the number of ‘‘independent’’ picture elements that 
can be transmitted per second, or the number of pulses per second. It ranges from hun- 

dreds in facsimile up to millions in 
television. Completely independ- 
ent transmission of adjacent pic- 
ture elements by successive pulses 
is never attained because the elec- 
(2) trical circuits and other devices 
cause distortion resulting in over- 
lapping of adjacent pulses. One 
of the principal problems is there- 
fore the design of the circuits to 


oe Levels reproduce the short pulses with 
£ eS clean edges by minimizing ampli- 
5 i Black —> b tude and phase distortion over 
2s (0) the requisite frequency bandwidth 

°" White» Time in the circuits. Both kinds of dis- 


tortion are usually more prevalent 

at frequencies near the limits of 

(c) the frequency band required for 
Sc reproduction of the pulses and 
steps. The higher frequencies play 
the major part in reproducing 
i vertical lines or edges; the lower 

Fie. 11. Example of Pulse Functions in Picture Transmission frequencies, in reproducing long 

pulses or background. 

The basic timing of the system depends on line-frequency pulses generated in the trans- 
mitter (Fig. 9) in step with a line-frequency stable oscillator. These pulses are used directly 
to synchronize both the horizontal line scanning in the camera tube and the sync pulses 
in the composite signal. By means of frequency dividers or pulse counters, one of these 
pulses is selected at the proper time to interrupt the vertical scanning at the end of each 
frame. The resulting frame-frequency pulses are used in a similar manner to synchronize 
the vertical scanning. 

The synchronizing pulses need to be specified and preserved in shape only to the extent 
required by precision of timing in the scanning operation. Since they are selected from 
the signal at a certain infra-black level which may fluctuate with picture content, it proves 
necessary to hold the edge of a sync pulse nearly as steep as the edge of a step in the picture 
signal. As syne pulses need not be modulated in amplitude, they can be subjected to 
limiting or clipping action to remove accidental changes in amplitude. A practical tele- 
vision system may have rather complex sync pulses for facilitating the separation of line 
and frame sync signals, and for minimizing their susceptibility to interference from the 
picture signal or other disturbances. 
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7. COMPUTERS 


The solution of certain problems, such as the trajectory of a missile, requires elaborate 
calculations, which are laborious even when done on mechanical computing machines. 
Electronic computing machines can increase the computing speed by a factor of 1000 or 
more, so that a compilation of tables which would take years on a mechanical computer 
would be done in a few hours or days on an electronic computer. The addition of a digit 
in electronic computing requires a few microseconds as compared with a few milliseconds 
in mechanical computing. 

An outstanding electronic computer is one of the products of World War II, the ‘‘elec- 
tronic numerical integrator and computer’’ (eniac). 

An electronic analog of the mechanical counter or electromechanical stepping relay 
may be made up of a number of flip-flop relaxation circuits connected to be switched con- 
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secutively hy successive pulses. A single flip-flop circuit is analogous to a toggle switch, 
snapping from one condition to the other and remaining there until an external force snaps 
it back. In the block diagram of a two-digit ring counter, Fig. 12, each input pulse snaps 
the “‘on”’ switch “‘off” (to the left), which in turn snaps the next above switch “‘on’”’ (to 
the right), increasing the indicated number by one. If the units column indicates nine, 
and a unit is added, the units “‘nine’’ switch is snapped off, the units ‘‘zero”’ switch is 
snapped on, and the tens column receives a pulse, increasing its indicated number by one. 
In the eniac, when going from “nine” to “‘zero,”’ a ‘‘carry”’ switch stores the pulse for the 
next column. Simultaneous addition in all columns is thereby made possible. The 
“carry’’ switch is snapped off after addition in the columns is complete. 

An electronic computer may consist of the following: 

1. A number of counters to add and store numbers represented by pulse groups. 

2. A generator of suitably timed standard pulse signals. 

3. Devices for converting numbers supplied to the computer into pulse groups repre- 
senting the numbers. 

4. Devices for printing numbers stored in counters. 

5. Devices for combining the quantities in the counters in different ways to add, mul- 
tiply, divide, etc. 

6. Devices to produce automatic repetition of required computations, as in numerical 
integration. 

A basic decade ring counter was described above. The decade counter may be so 
arranged that, when supplied with a standard 
sequence of pulses from the timing generator, 
a number of pulses corresponding to the number 
stored in the counter is transmitted to another 
counter which adds it to its own stored number. 

Various groups of pulses from the timing gen- 
erator may be selected and combined by switch- 
ing to produce pulse groups corresponding to 
numbers to be supplied to the computer. The 
numbers stored by a counter may be indicated 
by neon lamps energized by ‘‘on’’ flip-flops, as 
indicated by the black dots in Fig. 12. Card 
punching or printing devices may be similarly 
actuated to record a stored number. 

Rapid switching is accomplished by means of 
triple-grid tubes, keying pulses being applied to 
one control grid and information pulses being 
transferred via another control grid. 

The flexibility of an electronic computer as 
regards physical location of components, num- Fic. 12. Two-digit Deeade Counter 
ber of interconnections possible, and the large 
tolerances in amplitude possible, facilitates the design of computers to perform very 
elaborate computations with lightning speed. 

Where absolute numerical precision is not required, the step counter may be replaced 
by simpler devices relying on continuous integration. In one type, each pulse delivers an 
incremental charge to a capacitor whose stored charge is indicated on a meter scale. In 
another type, the pulse rate is indicated by conducting the incremental charges through a 
d-c meter so that the current is proportional to the number of pulses per second. Examples 
of these types are found in Geiger counters, long in use for recording pulses of radioactive 


radiation. 


8. DISTANCE MEASUREMENT 


Distance can be measured by timing pulses transmitted through a medium in which 
the wave velocity is known. In the interest of precision, the duration of each pulse 
should be much less than the time required for the wave to cover the distance in question. 
The three basic methods used in operating systems are described in Section 22. 

Diverse Waves. Observations of distance by this principle are based on the reception 
of a pulse by two kinds of waves, over the same distance, having different velocities so 
that the time difference in reception is a measure of the distance. Examples of light and 
sound waves originating in simultaneous pulses and traveling over the same distance are 
found in lightning and thunder or in the seeing and hearing of a distant steam whistle. 
In these cases, the only appreciable delay is in the sound wave, and so the computation 
of the distance is based on the velocity of sound in air. An example of different types of 
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waves in the same medium is given by the seismograph of an earthquake. The pulses 
are transmitted through the earth by longitudinal waves (pressure waves, like sound) 
and transverse waves, having different known velocities so that the difference in time of 
reception permits computation of the distance. (See Section 22, article 9.) 

Pulses from Diverse Locations. One of the outstanding radio navigational systems 
(loran, gee, and shoran, Section 22, article 10) also utilizes pulses spontaneously transmitted 
to the observer, but from widely spaced points and carefully synchronized in time. The 
time difference in their reception by radio waves permits precise computation of the differ- 
ential] distance relative to each pair of spaced points, and such observations on two different 
pairs determine the position of the receiver. 

Reflection or Return of Pulse. The more versatile systems employ pulse waves trans- 
mitted from the observer to a distant point and back again to his receiver. The elementary 


Table 1. Wave Velocity 


Kind of Wave Medium Velocity 
Electromagnetic (light, radio)....} Free space (and air) 300 m/us 
Sound ere teoee creas co saiecn sestetpe nts Air (atmospheric pressure, 20deg C)| 344 m/sec 
Sound 24. Se PAs ae Water (20 deg C) 1464 m/sec 
Seismic (longitudinal, sound). ...| Earth 4-14 km/sec 
Seismic (transverse)............ Earth 3-10 km/sec 


sonar and radar systems utilize short pulses of sound or radio waves transmitted toward 
an object and reflected back to a receiver (Section 22, article 10). Special radar systems 
for beacons or identification rely on a pulse repeater at the object, which receives and re- 
transmits the pulses with coding of some kind (radar beacons, Section 22, article 10; and 
Lanac, Navar, and Teleran, Section 22, articles 6 and 11). In any case, the round-trip 


eae, time at known velocity determines 
Table 2. Characteristics of Radar the distance. 


Table 1 shows various values of 


@armer frequency? oa. nett cane eee 30-30,000 Mc A = mi 

Carriertwaveleng the...) ... ste onieuke 10-0.01 meters the wave velocity in different me- 
Pulse tidthrorest oh ccc hins bs Gomes 10-0.25 us diums. Table 2 shows the ap- 
Pulse repetition frequency........... 60—4,000 cps proximate range of pulse charac- 
Bulsepowenneerne. & sec agen 10-1,000 kw teristics in radar systems of the 


reflection type. Since the error of 
time measurement may be reduced to a fraction of the pulse width, the corresponding 
distance error may be reduced to the order of 1-0.01 mile. The range of echo reception 
varies from a few miles to above 200 miles. 


9. PULSE MEASUREMENTS 


PULSE AMPLITUDE. A simple pulse of voltage or current can be displayed on an 
oscilloscope and its various properties determined from the calibration of the scope. Such 
a display is shown in Fig. 13. The small pulses or 
“pips”? are superimposed marker pulses carefully 
timed to provide a time scale. A representative 
scale might have small marker pips every micro- 


second, and every fifth one enlarged. In Fig. 13 the Time 
pulse under observation is 1 division wide at the Fria, 13. Oscilloscopie Observation of 
peak and about 2 divisions at the base; it might be Pulse Characteristics 


rated 1.5 divisions wide at half amplitude. 

A pulsed wave having many cycles of the carrier in a single pulse presents a special 
problem if the scope cannot give a calibrated display of the actual carrier cycles. The wave 
must be rectified for display, and the performance of the rectifier is difficult to predict or 
measure. If the rectifier responds quickly, the rectified pulse may be displayed as in Fig. 
13, which is adequate for observing its width or duration. 

An indirect method is usually employed for rough measurement of the amplitude of a 
repeating pulsed wave, the pulse power, for example. The average power is measured by a 
thermal device such as a thermocouple or bolometer. The pulse duration is observed as 
in Fig. 13. Then the ratio of peak to’average power is equal to the ratio of the period of 
repetition to the pulse duration. This method is accurate if the time occupied by the sides 
of the pulse is much less than the duration of its peak. Otherwise the pulse width is 
indefinite, usually approximated by the width between the points at one-half the peak 
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power or the peak amplitude. (This same method is applicable to simple pulses if there is 
no background of direct current or voltage, but it is not usually needed in this case.) 

In the case of a pulsed carrier wave, some care is required in expressing the peak values 
during the pulse. The peak power is the mean power of the carrier wave at the peak of 
the pulse. If there are minor ripples on the flat top of a pulse, the pulse power is stated at 
the level of the flat top. The peak voltage may be stated as the peak value of the carrier 
voltage at the level of the peak or flat top, since that is the value significant for voltage 
breakdown. The pulse current in a vacuum tube carrying a pulsed wave is usually stated 
as the average value of the current during the peak or flat top of the pulse, since that is 
the value readily measured by means of an oscilloscope. 

The pulse amplitude of a pulsed wave is best measured by comparison with a continous 
wave of known amplitude, since such a wave presents no unusual problem. The “‘notch” 
method shown in Fig. 14 is based on this principle. 


The comparison wave is cut off or notched for the 
duration of the unknown pulse. Then the pulsed 
wave is superimposed thereon, and the composite ———— waz beware anys ob per Time 


wave is rectified and displayed on the scope. The Mew! Meaguroment of Pulse Ample 
two amplitudes are equalized to give the appearance tude by Comparison with Continuous 
of Fig. 14; then the pulse amplitude is known. This Wave 
method is independent of the rectifier and scope 
characteristics and has been found very useful. Measurements have been made as low as 
200 uw peak pulse power and 2 uw average power. 

PULSE DURATION. The simplest method of observing pulse width or duration is 
that shown in Fig. 13. 

Another method is based on the frequency spectrum of a pulse, illustrated in Fig. 15. 
(The method of observing the spectrum is to be described below.) The frequency spectrum 
of a pulse has a width inversely proportional to the width or duration of the pulse. Fur- 
thermore, if the pulse has steep sides, the spectrum has a sharply defined minimum value 
at a frequency differing from the maximum by 2f,, as shown in Fig. 15 for a pulse or a 
pulsed wave. The frequencies of minimum response can easily be observed by a sharply 
tuned receiver. fc: having been determined, the pulse duration is 1/2f,. For example, fe 
is 1/2 megacycle for a pulse width 
of 1 microsecond, and the minimum 
response is displaced 1 megacycle 
from the maximum response. 

If it is convenient to measure the 
peak and average values of the 
O 2f¢ Frequency fo-2f, fo fot2fe power or voltage or current of a 

Fig. 15. Frequency Spectrum of Pulse repeating pulse, the duration may 

be computed. The ratio of the 

pulse duration to the period of repetition is equal to the ratio of average to peak values, 
commonly called the pulse ‘‘duty cycle.” 

AVERAGE VALUES. A repeating pulse has a definite average value of power or 
voltage or current. Any one of these average values may be significant in determining the 
heating or other accumulative phenomena in a circuit or vacuum tube. For voltage or 
current, it is important to specify whether the average or root-mean-square value is to 
be measured. 

The average power, or the rms value of voltage or current, can be measured by a thermal 
instrument with a time constant much greater than the period of repetition of the pulses. 
The peak voltage during the pulse is abnormally large for the usual instrument of this 
type, and so voltage breakdown may occur, in which event this defect may be corrected 
by redesign. 

. The thermal instruments in common use include the thermocouple, the bolometer 
bridge, the lamp with photometer, and the resistor with calorimeter. The most severe 
requirements are met in measuring pulsed waves of ultra-high carrier frequencies, say 1000 
megacycles and upward. ’ 

The bolometer bridge is a d-c four-arm bridge with a temperature-sensitive resistor in 
one arm which receives the pulse power to be measured. This device has been improved 
by the use of a composition resistor very sensitive to temperature, called the ‘‘thermistor.”’ 
Since it is desirable for the measuring circuit to present constant resistance, the bridge is 
rebalanced by decreasing the d-c level in all arms to restore the variable resistor to the 
same temperature, establishing a d-c calibration of the power sensitivity in normal opera- 
tion. The device is sensitive to low power of the order of 1 milliwatt and also can be 
adapted to greater power. 
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The lamp is useful for medium power of the order of 1 watt. The radiation from the 
lamp is indicated by a nearby photocell and meter. It has two great advantages: it requires 
no electrical connections between the pulse circuit and the indicating circuit, and it can 
be calibrated by direct current. Its one great disadvantage is its large variation of resist- 
ance at the high temperatures incidental to radiation of light. 

The calorimeter is useful for high power of the order of 1 kilowatt. It can be designed 
for nearly constant resistance at very high frequencies, since resistance variation is not 
essential in its operation at moderate temperatures. 

A possible alternative to the thermal meter is a square-law rectifier, which may be 
approximated by proper design of a vacuum-tube rectifier. It is important to hold the 
peak value within the range of square-law operation, which severely limits the utility of 
this type of instrument. 

The average value of current or voltage of repeating pulses, assuming zero between 
pulses, can be measured in an ordinary magnetic d-c meter having a time constant much 
greater than the period of repetition. In a voltmeter, care must be taken that the pulse 
voltage is not excessive. 

PULSE FREQUENCY. Repeating pulses commonly have a steady value of the pulse 
repetition frequency (prf). However, a receiver or a replying transmitter may have a 
random pattern of repetition, depending on the traffic, and then it may be desirable to 
have a continuous indication of the average pulse frequency over a short period such as 
1 sec in order to be aware of overloading. 

A constant pulse frequency is easily observed. It is usually an audible frequency and 
can be compared with a calibrated audio frequency. The integrating type of frequency 
meter which is used for direct-reading audio-frequency meters may be designed for pulse- 
frequency measurements. It gives the continuous indication desirable for monitoring a 
varying pulse frequency. If the pulse amplitude and width are uniform, the same result 
can be obtained by inserting a d-c or average-power meter in the circuit where it will 
indicate an average value proportional to the pulse frequency. 

PULSE DETAILS. A critical analysis of the details of a repeating pulse or group of 
associated pulses may require a display on the oscilloscope with a greatly expanded time 
scale. For example, the entire width of the scale may be only a few microseconds, even 
though the pulse groups may be separated by a millisecond. 

The synchroscope is a special oscilloscope designed for this purpose. Each trace or 
sweep is triggered by the first edge of the pulse pattern to be observed, and so close registry 
of successive traces is assured, hence the name ‘‘synchroscope.’’ At the end of each 
trace, the spot waits for the signal to start the next trace. Care is taken to insure that each 
trace starts at the same point and proceeds at the same rate. Any failure of registry then 
indicates variations in the pattern. 

FREQUENCY SPECTRUM. A simple pulse or a pulsed wave has a frequency spec- 
trum as illustrated in Fig. 15, the former centered on zero frequency and the latter on the 
carrier frequency. The significance of the spectrum is the ability to excite a circuit which 
selects a bandwidth much less than the width of the spectrum. 

The spectrum analyzer is a device for displaying the frequency spectrum on the scope 
in the form shown in Fig. 15. As the trace progresses horizontally along the frequency 
axis, a narrow-band receiver is tuned over the frequency range. The repeating pulse is 
applied to the receiver, and the rectified output is shown by vertical deflection. The pulses 
therefore appear as successive vertical lines whose heights show the relative amplitude of 
the frequency spectrum. The spectrum is a measure of the frequency bandwidth required 
for reproduction of the pulse, as well as the interference that may be caused in adjacent 
frequency channels. In the case of a pulsed wave, a symmetrical spectrum indicates pure 
amplitude modulation free of frequency modulation. 

As appears from the width of the frequency spectrum, a pulsed wave does not give a 
sharp indication of resonance in a sharply tuned wavemeter. The carrier frequency is best 
defined by the center of a symmetrical spectrum. Therefore it is customary to provide 
the analyzer with a very sharply resonant calibrated circuit whose frequency can be 
adjusted to put a narrow gap in the center of the spectrum and thereby to determine the 
earrier frequency. The calibration of the trap circuit is made on the narrow spectrum of a 
continuous wave or long pulses of known carrier frequency. 

(For oscilloscope technique, see Section 11, Wave Analysis, and Section 20, Television.) 
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10. FREQUENCY MULTIPLIERS, DIVIDERS, AND COUNTERS 


The abrupt changes in amplitude associated with pulse phenomena give rise to a wide- 
band frequency spectrum, as indicated above (see Computers, article 7 above; also Section 
11, Frequency Measurements). The frequency spectra of certain periodic wave forms, as 


+B 


Fia. 1. Counting Type of Frequency Divider 


expressed by Fourier series, are well known. Periodic pulses have strong components of 
high-order harmonics. These are produced for frequency comparison by making a stable 
sinusoidal oscillator synchronize a relaxation circuit which produces the high-order har- 
monics of the stable frequency. The harmonics are compared (by zero beat, for example) 
with a signal whose frequency is to be standardized. Substantial output of a harmonic 
frequency is obtained by making the relaxation pulse excite a circuit sharply resonant at a 
chosen harmonic frequency. Pulse circuits incidentally radiate interfering power at 
harmonic frequencies unless they are adequately shielded and filtered. 

Frequency division may be accomplished by synchronizing a relaxation oscillator at an 
integral submultiple of the synchronizing signal frequency. The natural period of the 
relaxation oscillator is made somewhat longer than the interval occupied by the selected 
number of synchronizing pulses, and so the pulses expedite the relaxation in each cycle. 

Another method of frequency division utilizes a ‘‘ring-counter”’ circuit which counts 
the required number of pulses and then generates a trigger pulse and starts counting over 
again. In Fig. 1, successive pulses of current J; increase the charge on the capacitor C2 
and thereby its voltage H2, for each pulse until the output thyratron conducts, discharging 
C2 and producing an output pulse. 
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_ Fie. 2. Flip-flop Circuits in a Counter 
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Figure 2 shows flip-flop circuits of a type used in counters and computers. Successive 
input pulses, not necessarily at regular intervals, switch successive flip-flops to an indicat- 
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ing position. In each flip-flop, either triode, A or B, may conduct; the other triode is then 
cut off. Also, if triode A-0 is cut off, triodes A-1 and A-2 are conducting. A positive input 
pulse will then switch triode A-0 into conduction, and the coupling between the plate of 
B-0 and the grid of B-1 will switch triode A-1 into conduction. The control grid of triode 
A-1 is thus made sensitive to the next input pulse, and the high plate voltage on B-1 may 
actuate for that digit an indicating device such as a neon lamp. The coupling between 
triodes B-2 and B-0 completes one ring, so that the cycle is repeated every three input 
pulses. Output pulses with a frequency one-third that of the input pulses are thereby 
obtained. 


11. PULSE AMPLIFIERS 


The requirements to be met by pulse amplifiers are generally similar to those of television 
carrier-frequency and video-frequency amplifiers (see Section 7, Wide-band and IJ-f Am- 
plifiers). The amplifiers must pass the essential frequency components of the signal to 
be amplified, with uniform gain and time delay. Any excess bandwidth passes needless 
background noise. A compromise choice made in radar systems allows a video bandwidth 
(in megacycles per second) equal to the reciprocal of the pulse duration (in microseconds), 
and double this bandwidth for the modulation sidebands of a pulsed carrier. This is 
twice the nominal minimum bandwidth defined on p. 9-11. Some additional carrier- 
frequency bandwidth is added for tolerance of detuning from various causes such as 
frequency drift. 

The amplitude-and-phase spectrum concept (see Section 5, article 13) is useful in specify- 
ing low-pass and band-pass amplifiers for pulses and pulse-modulated carrier waves. 

Fast recovery of normal operation after overloading by strong signals is required in 
systems like radar, in which a weak pulse may immediately follow a strong pulse. Figure 
3 shows an i-f amplifier stage having quick recovery. The grid bias returns to normal 


Fie. 3. Intermediate-frequency Amplifier 


immediately after a strong pulse because there is negligible d-c resistance between grid 
and ground, and the cathode-circuit time constant is only 0.1 microsecond. The cathode- 
circuit time constant is made the minimum consistent with sufficient bias and bypassing. 
Plate current is supplied through the damping resistor for the stage. Fast recovery of 
normal plate voltage after a strong pulse is relatively unimportant because the operation 
of a pentode tube does not depend critically on plate voltage. The inductance L is made 
to resonate the distributed capacitance of the wiring and tubes, Ca, without any added 
lumped capacitance, in order to obtain maximum stage gain with the required bandwidth. 

Video pulse amplifiers are frequently specified in terms of the permissible distortion 
of rectangular pulses by the amplifier, rather than by amplitude and phase characteristics. 
Thus, it may be required that a specified input pulse after amplification shall have a cer- 
tain maximum rise time, fall time, ripple ratio, ete. 

Resistance-coupled stages are used for voltage amplification. Because high video fre- 
quencies are usually involved, high-transconductance pentodes and relatively small 
coupling resistors are used. The product of the coupling resistance by the shunt capaci- 
tance places a lower limit on the time of rise and fall of output pulses. Shunt capacitance 
of un-bypassed components and wiring should be made as small as practicable. 

In Fig. 4, an input pulse having zero rise time would produce at the following grid an 
amplified pulse having a leading edge rising exponentially with a time constant 
ryreCa 
71 + 7 
per cent of peak amplitude in 2.3 times the time constant. The plateau of the pulse 
across T2 decays exponentially with the time constant (7; + r2)C¢, ordinarily much longer 


(in ohms, microfarads, and microseconds). The amplified pulse would reach 90 
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than T, the duration of the pulse. If, for example, less than 1 per cent decay is permissible 
from this coupling alone, make (7; + 72)C; greater than 1007. 

The high-frequency response of resistance-coupled amplifiers may be improved by 
compensation and filter techniques discussed elsewhere in this book (see Section 7, Wide- 
band Amplifiers, and Section 20, Television). 

When power amplification or impedance change is required, transformer coupling may 
be used. High-power pulses are economically obtained from tubes having low average- 
power ratings by permitting space current to flow only during pulses. The control grid 
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Fig. 4. Video-frequency Amplifier 


in a high-power amplifier is therefore biased negative and driven positive during the 
pulses. Transformers may be used to provide the polarity inversion which may be re- 
quired in successive high-power stages and also to permit impedance matching. Pulse 
transformers will be described below. 

Cathode followers (see Fig. 4) are useful in obtaining high-voltage positive pulses across 
low impedance such as the coaxial lines commonly used. In successive stages of high- 
power pulse amplifiers, cathode followers make transformers unnecessary for polarity 
inversion. However, transformers are necessary if voltage amplification is required in 
addition to the current amplification obtained in a cathode-follower stage. 


12. PULSE SHAPING CIRCUITS 


Many of the wave forms used in pulse work are obtained by means of exponentially 
changing voltages and currents and by clipping or limiting action in the tubes. In sharp 
contrast with linear-amplifier practice, the operating conditions of the tubes in pulse 
shaping circuits are so chosen that grid current may flow or plate current may be cut off 
in order to distort a pulse or to reconstruct a clean pulse. 

Clipping or Squaring. In Fig. 5, a sinusoidal voltage is applied to the grid of a tube 
through a high resistance. As the grid goes positive, the grid-to-cathode resistance falls 
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Fic. 5. Squaring a Sine Wave 


abruptly, flattening the positive peak of grid voltage. As the grid goes negative, the plate 
current is cut off, flattening the negative peak. The output wave form is approximately 
square and can be squared further by added stages. 

Pulse Narrowing. In Fig. 6a the time constant 71C; is short as compared with the 
duration but not as compared with the time of rise and fall of the applied pulse, e:. The 
voltage across 71, from the step at each edge of the pulse, decays exponentially. The pulse 
is said to be differentiated, because the voltage across 7; is approximately proportional to 
the derivative of the applied pulse voltage. Wither the leading or the trailing edge may be 
used by the following stage. If the bias on the tube 7 is large enough to cut off the plate 
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current, only the positive (leading) impulse is amplified. If the bias is zero and 7» is large, 
only the negative (trailing) impulse is amplified. 

Long pulses may be shortened to a predetermined duration by application through a 
high resistance (in Fig. 6b the plate resistance of the pentode) to a delay line which is in 
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Fic. 6a. Narrowing a Pulse by R-c Differentiation 


parallel with a resistance equal to the characteristic impedance 2 of the line. The far 
end of the line is short-circuited, so that the pulse at the input end of the line is canceled 
by a reflected pulse of opposite polarity in twice the one-way delay time, ta, of the line. 
The undesired pulse of reverse polarity which occurs at the end of the input pulse is 
clipped in a succeeding circuit. 
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Fic. 6b. Narrowing a Pulse by Use of a Delay Line 


Another arrangement for obtaining a short pulse of predetermined duration from a 
long pulse is shown in Fig. 6c. A half sine wave of short duration is produced in the plate 
circuit by the application of a long pulse. The period of the half sine wave is determined 
by the inductance of the coil and the distributed capacitance across it. The diode damps the 
oscillation on the second half cycle, reducing the oscillation after the first half cycle to a 
negligible level. 
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Fig. 6c. Narrowing a Pulse by Use of an Oscillatory Circuit 


Pulse Widening. Integration is said to occur in Fig. 7. A positive pulse on the grid 
of tube A quickly discharges capacitor C), which recharges exponentially with the time 
constant 7C;. Resistance rz is assumed large as compared with 7, and r2C2 large as com- 
pared with 7;C;. Tube B is cut off during enough of the exponential discharge to provide 
the required pulse duration. The wave forms in solid line are typical of the circuit shown. 
By connecting rz to a positive voltage instead of to ground, a shorter duration and time 
of fall is obtained, as shown by the wave forms in broken line. 
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Fra. 7. Widening a Pulse 


Clamping or D-c Reinsertion. When it is required that the baseline of a pulse wave 
form remain at a fixed voltage in spite of capacitive coupling and changing wave form, the 
arrangement shown in Fig. 8 may be used. If the two wave forms shown are coupled by 
capacitor C and resistor 71 without the diode, the voltage limits vary as shown because 
the average voltage must remain zero. The use of a diode results in a short coupling time 
constant for negative voltages, so that the wave extends almost wholly in the positive 
direction. The resistance of 7; is much greater than the resistance of the diode in the con- 
ducting direction (rg). If no grid current flows, the rectifying action of the diode main- 
tains on the capacitor a sufficient charge to hold substantially the entire wave positive 
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Fig. 8. Baseline Clamping 


relative to ground. The diode also permits fast recovery of normal bias if grid current is 
drawn by a large positive pulse, because a negative voltage is quickly discharged through 
the diode. 


13. RELAXATION CIRCUITS 


Relaxation circuits are oscillators in which little if any energy is stored from one relaxa- 
tion cycle to the next. The circuits have two conditions in which they are at least tem- 
porarily stable. When one condition becomes unstable, the oscillator shifts abruptly to 
the other condition. 

An example of a circuit which has two permanently stable conditions is shown in Fig. 9. 
One tube is conducting and the other cut off in each of the stable conditions. Conduction 
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Fig. 9. Flip-flop Circuit Stable in Either Condition 


is switched back and forth by successive trigger pulses, hence the designation ‘‘flip-flop”, 
circuit. Typical voltages are shown in the figure. 
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In Fig. 10, a capacitor replaces one of the plate-to-grid coupling resistors, and direct 
coupling is used between the other plate and grid. Plate current cut off in tube 7-2 and 
conduction in tube 7-3 make a permanently stable condition. A trigger pulse through 
tube 7-1 makes tube T-2 conduct and tube 7-3 be cut off ina temporarily stable condition 


Fie. 10. Triggered Multivibrator 


which ends when C discharges sufficiently through r._ The circuit then switches back to 
the permanently stable condition. The circuit is known as a triggered or one-pulse multi- 
vibrator, or a “univibrator.” 

The circuit shown in Fig. 11 has only temporarily stable conditions and therefore runs 
free. It may be synchronized at the trigger frequency or integral submultiples thereof. 


Fie. 11. Free-running Multivibrator 


A transformer is used (instead of a second tube) for feedback polarity reversal in the 
one-tube blocking oscillator circuit shown in Fig. 12. It is free running unless the C bias 
is increased to limit the oscillation to one pulse. A temporarily or permanently stable 
condition exists between pulses while the grid capacitor is charged negative beyond 
cutoff. The other extreme condition exists during the pulse while the rate of increasing 
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Fre. 12. Blocking Oscillator 


plate current is limited by the inductance in the plate circuit; this condition causes grid 
current to charge the grid capacitor ready for the blocking period. Because plate current 
flows only during the pulses, the blocking oscillator works economically with the low im- 
pedances and high currents necessary for short pulses across the inherent capacitance. 
Tonizing discharge tubes, such as thyratrons and gas diodes, are used in generating 
trigger pulses and sweep voltages by periodic discharge of a capacitor each time the 
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capacitor is charged to the ionizing potential of the discharge tube. The capacitance and 
the charging impedance are chosen to give the desired period of pulse repetition. 

A number of relaxation circuits particularly adapted for different applications are shown 
in other parts of this section. 


14. PULSE TIMING CIRCUITS 


Various timing problems arise in pulse systems. Pulse repetition rate, duration, and 
delay relative to a reference pulse require measurement and control. 

Voltage wave forms frequently used for pulse timing are the sinusoidal, the exponential, 
and the rectangular. The three wave forms may be compared for basic stability resulting 
from their use. 

With a sinusoid, if the timing action occurs as the sinusoid passes through the value 
zero, the timing is not greatly affected by the amplitude of the sinusoid, and stability of 
the same order as that of the inductance and capacitance is obtained. 

In commonly used exponential timing circuits, the timing action occurs as the variable 
(voltage or current) reaches a predetermined amplitude. The timing is therefore a func- 
tion of the initial amplitude as well as the time constant of the exponential change. Sta- 
bility of the same order as that of the passive circuit elements requires compensation for 
changes in tube characteristics and operating voltages. Stability is generally improved 
by using only the early and most rapidly changing part of the exponential wave. Timing 
in relaxation oscillators is generally done by exponential changes to predetermined ampli- 
tudes. 

A rectangular wave sent through a delay line yields a timing wave in which the entire 
amplitude change occurs at the most useful time. The stability obtained is limited by 
the allowable volume and complexity of the line. 

Repetition Rate. A conventional sine-wave oscillator followed by a relaxation or shap- 
ing circuit may be used to obtain synchronizing pulses having a stable repetition rate and 
short rise time. The sine wave may be converted to a square wave by several clipper 
stages as discussed in article 12. The square wave may then be differentiated to obtain a 
suitable trigger pulse. 

Having a sinusoidal oscillator with good frequency stability, a phase shifter followed by 
shaping circuits may be used to obtain a second pulse with accurately controlled delay 
relative to an unshifted trigger pulse. This system has been used in radar equipment to 
measure range accurately. 

Repetition rate may be determined by a free-running relaxation oscillator such as a 
multivibrator, blocking oscillator, or thyratron. The repetition rate is then usually more 
subject to drift than if an L-C oscillator is used, but a suitable trigger pulse and a large 
range of repetition rates are economically obtained. Figure 13 shows a relaxation oscillator 
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Fig. 13. Repetition Rate Determined by an Exponential Wave Form 


providing trigger pulses of fixed duration as the repetition rate is changed. The pulse 
duration is determined by the exponential charging of capacitor C through 7 and the low 
grid-to-cathode resistance of tube 7-1. After each pulse the grid of tube 7-1 is driven 
negative for a period determined by the exponential discharging of capacitor C through 71 
and the relatively small resistance of rz and tube 7-2. The period between pulses is approx- 
imately proportional to the resistance 71. 

In some applications a delay line may be used to control repetition rate and simultane- 
ously supply synchronizing pulses at desired times in each period. Thus, in Fig. 14, the 
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blocking oscillator generates pulses which after traversing the delay line are applied to the 
trigger tube and initiate new pulses. 
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Fig. 14. Repetition Rate Determined by a Rectangular Wave Form 


Duration. Pulses having a required duration may be generated by relaxation circuits 
or by pulse-forming lines and thyratrons, as discussed in article 15, “‘Pulse Modulation 
of an Oscillator.”” Alternatively, sinusoidal or other wave forms may be passed through 
pulse shaping circuits (see above) to produce pulses of the required duration. 
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Fig. 15. Pulse Duration Determined by an Exponential Wave Form 


A cathode-coupled one-pulse relaxation circuit is shown in Fig. 15 to illustrate control 
of pulse duration by exponential voltage change. 
Blocking oscillators deliver maximum power during the pulse and therefore are adapted 
for high-power pulse equipment. Nominal control of pulse duration is obtained by means 
+B of grid capacitors and con- 
trol of transformer induct- 
ance, in the circuit of Fig. 
12. Precise duration and 


Delay line better pulse shape are ob- 
| | ‘ tained by means of a delay 

line as in Fig. 16. The 

Pe transformer inductance is 
Bia eS eres ve made large; the feedback, 
2) the line impedance, and 

Wave form at 7 the line terminating resist- 

ance are so chosen that 


the oscillator is shut off 
Fie. 16. Pulse Duration Determined by a Rectangular Wave Form when the wave of grid 
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current reflected from the open end of the line reaches the terminating resistor. The 
pulse duration is then determined mainly by the round trip delay of the line and is little 
affected by variations in other circuit elements. 

Delay. A complex wave may be delayed by passage through a delay line while main- 
taining substantially the same wave form. If it is only required that a delayed pulse be 
produced, the initiating pulse may trigger a relaxation oscillator, and the trailing edge of 
the relaxation pulse may be used after differentiation as the delayed pulse. The delay 
of the trailing edge of the relaxation pulse may be varied in accordance with a desired 
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Fig. 17. Circuits for Delaying Pulses 


modulation for obtaining pulse-time: modulation in a communication system. Special 
cathode-ray tubes have been developed to facilitate time modulation of the many time- 
sharing pulse channels in pulse-time multiplex systems. In another method, a resonant 
circuit is keyed on or suddenly shocked, and a delayed pulse is produced after a fraction 
of a cycle of oscillation. Typical circuits using (a) the delay line, (b) the relaxation oscil- 
lator, and (c) the resonant circuit are shown in Fig. 17. 

The delay line can accept pulses having random spacing such as might be encountered 
in the output of a receiver. The other circuits illustrated must pass through a complete 
delay and recovery cycle between pulses and therefore are best used with isolated pulses. 


15. PULSE MODULATION OF AN OSCILLATOR 


An oscillator may be made to operate in pulses by including in its grid circuit a capacitor 
which charges during the oscillation and blocks or stops the oscillation. This is one form 
of the blocking oscillator. Oscillations start again after the capacitor has discharged suffi- 
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ciently. The pulse recurrence rate and the pulse duration are approximately controlled 
by the time constants in the circuit, but only with limited stability. 

The recurrence rate of a blocking oscillator may be stabilized by the use of synchronizing 
circuits to start tube conduction sooner after each pulse than would otherwise happen. 
The pulse duration may 
be stabilized by making 
a time-delay network 
shut off the oscillator. 

The oscillator in Fig. 
18 has provision for syn- 
chronization by a posi- 
tive pulse applied to the 
grid. A delay line in the 
cathode circuit shuts off 
the oscillator after a 
time interval of twice 
the line delay. The dis- 
charging resistor r is 
usually many times as 

Bias large as Zo, the wave 

Fie. 18. Pulse-modulated Carrier-frequency Oscillator impedance of the line. 

At the start of the pulse 

the cathode current flows through an impedance approximately equal to Zo, and develops 

a voltage wave HE which travels through the line. The wave is reflected with the same 

polarity by the open far end and returns to increase the voltage at the cathode to approxi- 
mately twice the initial voltage, stopping the oscillator. 

Pulse modulation may also be accomplished by grid or plate modulation of an oscillator 
or amplifier. If high power is required, plate modulation of an oscillator is generally most 


economical. With plate I. 
Z 


modulation, the high volt- 
age is impressed}on the os- 
cillator tube only during the 
pulses. The design of the 
oscillator tube is thereby 
made easier, or conversely 
the permissible maximum 
plate voltage on a given 
tube design may be in- Driver Modulator 

creased far beyond the Fie. 19. Vacuum-tube Modulator 

direct-voltage rating. 

A vacuum-tube modulator is shown in Fig. 19. The modulator tube, cut off between 
pulses, is driven hard so that it passes high current through low impedance during the 
pulses. The modulator acts as a switch connecting the load to the B supply only during 
the pulses. 

A thyratron pulse modulator is shown in Fig. 20. The artificial line is charged through a 
high resistance r, between pulses. By the use of the line instead of a single capacitor, a 
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Fic. 20. Thyratron Modulator 


rectangular pulse may be obtained rather than an exponentially decaying pulse. The 
thyratron discharges the line into the load and must deionize before the line can recharge. 
Deionization is expedited by making the thyratron resistance plus the transformed load 
resistance somewhat less than the line impedance so that the thyratron plate is driven 
slightly negative just after the pulse. 
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For high-voltage applications, the preferred form of artificial line is the “‘Guillemin 
line,” shown in Fig. 29(e) below. Also, the thyratron may be replaced by a spark gap. 
Higher efficiency and faster charging of the line may be obtained by replacing the charging 
resistor r, by an inductor. The line is then charged in a half-cycle of a charging oscillation, 
between pulses, to approximately twice the.power supply voltage. A diode may be con- 
nected in series with the inductor to prevent discharge back into the power supply. 

Pulse modulation imposes on an oscillator severe requirements of fast starting and stop- 
ping. The oscillator must ordinarily start from the background noise in the circuit and 
build up to maximum amplitude in a time interval which is much shorter than the pulse 
duration. Random variations in the noise amplitude cause random variations in starting 
time, termed ‘‘jitter.” 

To explain the starting and stopping time, the essential elements of the oscillator are 
indicated in Fig. 21. They are the resonator CL and the conductance g. During the 
starting time of a pulse, the net conductance is made nega- 
tive by feedback; during the stopping time it is positive as 
determined by the damping of the circuit augmented by 
its useful load. ie 

The starting or stopping time constant of oscillations is 
2C/g. The starting time, for the oscillations to build up 
by regeneration from the noise level, is of the order of 20 yy. 21. Equivalent Circuit of an 
times the time constant determined by the negative con- Oscillator 
ductance, and the jitter is somewhat less than this time 
constant. The stopping time is about equal to the stopping time constant, since the oscil- 
lation is merely damped from its peak value after the regeneration is cut off. These effects 
are shown in Fig. 8, p. 9-06. 


16. MODULATING THE CHARACTERISTICS OF PULSES 


Preceding sections of this chapter have indicated ways of forming pulses and controlling 
their characteristics. Coding of pulses for identification of the source or for transmission 
of information may be accomplished by mechanical switching or by electronic switching 
or modulation. Pulse duration may be changed by connecting or disconnecting sections 
in a delay line used to control a blocking oscillator. Similarly, the constants of a shaping 
circuit or relaxation circuit may be switched. 

The circuit shown in Fig. 17(6) permits electronic modulation of pulse width such as 
might be used in a communication system. Differentiation of the output pulse, as shown 
in the figure, yields a pulse having electronically modulated phase relative to a base or 
marker pulse. Pulse phase or time may also be modulated at an audio rate by addition 
of audio voltage to linear sawtooth timing pulses as shown in Fig. 22. No plate current 
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flows until the sum of the audio, the sawtooth, and the bias voltages exceeds the cutoff 
voltage of the mixer tube. The timing of the leading edge of the resulting plate-current 
pulse varies in diréct proportion to the instantaneous value of the audio voltage. The mixer 
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output pulse may be differentiated and shaped to obtain the desired wave form for pulse 
modulation of a carrier wave. 

A group of pulses may be obtained by shaping a sine wave which has the proper perio- 
dicity, to obtain trigger pulses for a relaxation circuit. The sine wave is initiated and 
ended by a gate pulse long enough to permit generation of the required number of pulses. 
Figure 23 shows one such arrangement. Triode A is conducting normally. A negative 
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Fig. 23. Multiple-pulse Generator 


gate pulse cuts off the triode, developing a positive gate and a free oscillation to drive the 
grid of the pentode B. At the end of the gate pulse the oscillations are quickly damped 
by the plate resistance of the triode. The number of pulses may be changed by switching 
the gate pulse duration. 

Figure 24 shows the elements of a two-pulse generator using a delay line. A modification 
of this arrangement in which the pulse spacing would correspond to altitude has been 
proposed for use in air navigation (Lanac). An initiating pulse passes through a delay 
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Fia. 24. Double-pulse Generator 


line and is absorbed by the resistor terminating the line. The line is tapped to permit 
application of the pulse, after the required delay, to the grid of a tube. The direct and 
delayed pulses are mixed to produce a pair of pulses with variable spacing. 


17. PULSE DETECTORS 


Pulses are distinguished from sinusoidal and steady waves by rapid changes in ampli- 
tude, large ratio of peak to average value, small duty cycle, and wide frequency spectrum. 
The detection of pulses requires detecting means responsive to the special characteristics 
of pulses, usually to their time boundaries as distinguished from their peak amplitudes. 

Bandwidth requirements have been discussed earlier in this section. Pulse amplifiers 
may include filters or coupling systems which favor pulses having certain characteristics, 


PULSE DETECTORS 9-25 


by virtue of frequency or amplitude selection or both. The elementary high-pass circuit 
shown in Fig. 25(a) favors short pulses and discriminates against long pulses and the direct 
component. The low-pass circuit shown in Fig. 25(b) favors long pulses and discriminates 
against short pulses. Figure 25(c) shows an alternative method of favoring long pulses by 
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Fig. 25. Selection by Pulse Duration 


selecting pulses exceeding a certain length. Circuits following those shown in Fig. 25 might 
be arranged to respond only to signals exceeding an amplitude which undesired pulses 
could not attain. 

A response proportional to the pulse repetition rate may be achieved by first shaping 
all pulses to make them identical, and then driving a counter circuit such as shown in Fig. 
26. The average current through the meter / is propor- 
tional to the pulse repetition rate; it is required that the — 
pulses be limited to a constant amplitude, while the pulse C ( 
duration may vary within wide limits. Alternatively, pals > 
trigger relaxation circuits may be arranged to make the 
average value of the current in some part of the circuit 
proportional to repetition rate and independent of trigger 
pulse shape. 

A circuit that sorts pulses, accepting any group of two 
having the correct time interval between them, is shown = = 
in Fig. 27. A pair of pulses having the proper timing is yg, 26. Elementary Pulse Counter 
delayed by a delay line, so that the first pulse (delayed) 
arrives at one control grid of the coincidence mixer tube simultaneously with the arrival of 
the second pulse (directly) at the other control grid. The mixer output depends on the 
simultaneous application of pulses to both control grids. The system can be extended to 
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require more pulses in a group. The timing of two or more pulses in a group may be used 
for altitude coding in an air navigation system (Lanac) as mentioned previously. 

Phase or time modulation of pulses in a communication system may be converted to 
audio signals by a corresponding type of detection. Phase modulation may be detected by 
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Fra. 27. Double-pulse Decoder the pulses. Special beam- 
deflection tubes have been 


developed for phase modulation and synchronous detection of many time-sharing channels 
in a pulsed multiplex system. 
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18. VACUUM TUBES 


Most vacuum tubes, at the date of writing, have not been rated for pulse applications 
(see Section 4, especially pulse tubes such as magnetrons and thyratrons). However, 
many vacuum tubes have been used in pulse applications after rough estimation of their 
pulse capabilities from their ordinary ratings. The principal factors are peak and average 
cathode current, peak and average electrode voltages, electrode power dissipations, and 
tube life. 

If a tube has class C amplifier ratings, the cathode current for long pulses may safely 
be 4 or 5 times the class C average-current rating. The average current should not exceed 
the class C average-current rating. For pulses a few microseconds in duration, peak cur- 
rents of about 50 times the class C average-current rating may be taken from oxide-coated 
cathodes, with tube life commonly exceeding 500 hours. Pulse current densities of 10 to 
20 amp per sq cm are used with specially processed oxide-coated cathodes. The cathodes 
must be heated to their operating temperature before large currents are permitted. 

The ordinary peak-voltage ratings of tubes may often be safely exceeded in pulse appli- 
cations. Insulation breakdown inside the tube, electrolysis of the glass, or poor plate- 
current cutoff characteristics may fix the permissible peak voltage. The peak plate voltage 
in class C applications is about twice the average plate voltage; this is usually a justifica- 
tion for permitting pulse peak voltages twice the rated average plate voltage. If the plate 
voltage is applied only during pulses, the sparkover voltage may set the limit at a much 
higher voltage. 

Beam power tubes in pulse modulators are operated at high screen voltage in order to 
reduce the driving power required. The plate voltage is usually low during pulses of 
current flow, so that average plate power dissipation is low. Screen dissipation is high, 
however, and often limits average power. Permissible limits of plate and screen dissipa- 
tion may be reduced as peak-voltage ratings are increased. 

The space-charge effects which suppress secondary emission from the plate in beam 
tubes also tend to limit the flow of pulse current at low plate voltage. The usually desired 
properties of beam tubes are even more important for pulse amplifiers of very high power 
used as modulators. Secondary emission from the control grid is minimized to avoid loss 
of control caused by reverse grid current and to prevent parasitic oscillation. 

A number of thyratrons specifically intended for pulse modulation are available. Minia- 
ture types deliver pulses of peak power of kilowatts; larger types deliver megawatts. Fast 
deionization is obtained in tubes filled with the lighter gases such as hydrogen and helium, 
slower deionization with argon and xenon. Cathode current densities are of the same order 
as in high-vacuum tubes but with much less voltage drop between plate and cathode. The 
internal voltage drop is high at the start of ionization, very rapidly decreasing as ionization 
reaches saturation. A maximum rate of rise of current is specified to limit the plate dissi- 
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pation and the ion bombardment of the cathode at the start of the pulse. The rate of rise 
of current is usually limited by some inductance in series with the plate of the thyratron. 

It is worthy of mention that, at the high currents used in pulse work, the transconduct- 
ance of vacuum tubes is greater than usual, and transit time is reduced by the correspond- 
ing high voltages. The performance of a tube in a pulsed oscillator is therefore often better 
than its continuous-wave performance at high carrier frequencies subject to transit-time 
effects. In fact, some types will oscillate efficiently in high-power pulses at frequencies 
so high that continuous oscillation is impossible at their maximum d-c ratings. 


19. PULSE TRANSFORMERS 


The problem of designing a pulse transformer is generally similar to that of designing 
an audio-frequency transformer but for higher-frequency components with corresponding 
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reduction in size. Maximum mutual inductance, minimum leakage inductance, and min- 
imum incidental capacitance are desired. The ratio of maximum to minimum essential 
frequency components involved in faithfully transforming a single pulse wave form may 
be 100 to 1. If the pulse duration may vary by 10 to 1, the frequency ratio may be 1000 
to 1. The requirements for high-power modulator transformers are usually much less 
severe in frequency ratio. | : 

A rough estimate of transformer specifications may be obtained by analysis of the 
circuit of Fig. 28(a) and the equivalent circuit shown in Fig. 28(b). A turns ratio of 1 to 
1 is assumed. The mutual inductance ZL, may be neglected in estimating the rise time 
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of the pulse. If r; and C; are small, the rise time is roughly V LiC2 or L1/r2, whichever is 
greater. The magnetizing current at the end of the pulse is 


(1) 


if the pulse duration is 7. The decrease in voltage during the pulse and the backswing 
at the trailing edge, both of which are caused by the magnetizing current, are roughly in 
the ratio 

AE» = di 1172 


BE, Lan +72 


if 7; and ro are small and linear. If 7; and rz become large on reversal of polarity, the back- 
swing is determined by Im, Im, C1 + C2, Cz, and rm. 1m represents the apparent shunt 
resistance of eddy currents and hysteresis in the core loss. 

To reduce eddy currents or skin effect in the core, very thin laminations are used for 
pulse transformers. Permalloy and silicon-steel tapes from 0.0001 to 0.003 in. in thickness 
are wound into toroidal cores which are sliced for assembly with coils. Reduction of skin 
effect in the core permits greater ratios of mutual to leakage inductance by increasing the 
depth of penetration and the resulting effective permeability of the core volume. The 
available flux swing in the core may sometimes be increased by the use of reverse- 
magnetizing direct current. Because pulse wave forms are usually unidirectional, and the 
core has some retentivity, saturation may otherwise occur with a small flux swing per 
pulse. Some core materials especially suited for pulse applications are listed below. 

Because of restrictions on leakage inductance, high-voltage pulse transformers are 
difficult to insulate. Impregnation with oil or polymerized resins to eliminate air spaces 
and moisture are effective in preventing corona and raising the breakdown voltage. 


(2) 


Table 1. Core Materials for Pulse Applications 


Name and Manufacturer Description 

Hypersil Wound silicon-steel tape: grain-oriented 0.002 in’ 

Westinghouse Electric Corp. thick tape for high quality; plain 0.003 in. 
tape for less critical application. 

Permalloy Wound permalloy tape: from 0.0001 to 0.002 in. 
Bell Telephone Laboratories thick; several different alloys. 

Silicon Nicalloy Conventional laminations: type B9W4A. 
General Electric Co. 

Sinimax and Monomax Conventional laminations: several different 
Allegheny Ludlum Steel Corp. alloys (permalloys). 


20. DELAY LINES * 


A delay line is a network used for storing the energy of a pulse pattern and delivering 
out the same energy at a later time. (See Section 5; Networks, Lines, Transients.) The 
simplest form is a transmission line, in which case the delay is determined by the distance 
along the line at a velocity somewhat less than the velocity of light. While the transmission 
line or wave guide may give the best performance, it requires a length too great for most 
purposes, so more concentrated forms have been devised to save space. 

Delay lines are used for two general purposes: one is the relative timing of different 
operations; the other is the delayed reproduction of a pulse pattern. The former may be 
tolerant of distortion in the delay process and can even be accomplished by other kinds 
of timing circuits such as relaxation oscillators. The delayed reproduction of a pulse 
pattern, however, places the most severe requirements on a delay network, especially 
against amplitude and phase distortion. For either purpose, precision of timing may be a 
requisite which involves directly the stability of the network and indirectly the fidelity of 
reproduction and the stability of associated circuits. 

Figure 29 shows some typical concentrated delay networks. They rely on coils for 
concentrating the inductance and on dielectric for concentrating the capacitance. Further 
concentration of inductance may be obtained by iron-dust cores for the coils. 

The continuous coil with capacitive loading is shown in Fig. 29(a). In a typical form, a 
coil of fine enameled wire is wound on a flexible core of insulation material having such 
small diameter that it can be coiled. The winding is wrapped with thin dielectric tape for 
capacitive loading, and the other conductor is provided by a braided sheath of fine 
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enameled wire. The sheath acts as a capacitive shield but not as an inductive shield, 
because the latter would destroy the desired inductance of the coiled inner conductor. 

The entire line is protected by a covering of insulation. 
In a continuous coil, the mutual inductance along its length has the effect of decreasing 
the effective inductance at higher frequencies relative to that of lower frequencies, which 
causes phase distortion. In Fig. 30, the 


curved dotted line (a) shows this effect. 
Ve Uniform delay, free of distortion, requires 
i Total a straight phase curve illustrated by the 


solid line (b). It has been found possible 

to approximate this ideal by introducing 

(@) Continuous Coil substantial distributed capacitance in 

parallel with the series inductance, as is 

y, , also shown in Fig. 29(a). This causes 
* OYOOPOOYOOYOOYO® Total the effective inductance to increase with 
6S frequency and can be designed to com- 

andoodoodoaboabas pensate for the opposite effect of mutual 
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Fic. 30. Phase Distortion of Continuous Coil 


compensation, the effect may be reduced 
by using a coil diameter very small as 
compared with its length, which tends, 
however, to defeat the aim of concentra- 


ya ape ai =e tion. 
The low-frequency delay (initial phase 


(d) Open-circuit Reflecting Line by slope) of a delay line is 


Parallel Components 
aN AOD (3) 


in terms of the total shunt capacitance C 
and total series inductance L (including 
mutual inductance). The corresponding 
wave impedance (characteristic imped- 
ance or image impedance) is 

(e) Open-circuit Reflecting Line by Tass V/L/C (4) 


Series Components 
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oh, tie MESS; 


Any of the following sets of units may 
be specified, the last (long used by Dr. 


Alan Hazeltine) being generally most convenient: 


Dh seconds ps ys 

C farads pi myf 

L henrys ph mh 
Zo ohms ohms kilohms 


As an example, a rather long coiled line of 1 myf and 1 mh has a delay of 1 ws and a wave 
impedance of 1 kilohm. 

Another form of coiled line, shown in Fig. 29(b), is made of two coils wound in opposite 
screw-directions on the same core. One coil is wound in one direction on the core, then 
the other is wound on top in the opposite direction. The insulation may be only the 
enamel on the wires, or it may also include some thin layers of dielectric. This method 
gives the inductance of a two-layer coil with convenient capacitive loading. It is useful 
as a balanced four-terminal circuit or as a two-terminal reflecting line with far end on open 
circuit or short circuit. 

The low-pass filter of Fig. 29(c) is a lumped delay line. Its useful bandwidth is some- 
what less than its cutoff frequency and decreases further with more sections. The con- 
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stant-k type (without mutual inductance) has concave phase distortion as shown in Fig. 
31(a). By converting to an m-derived type, by the addition of mutual inductance M 
between adjacent inductors, it is possible to approach the ideal linear phase (b) to the 
approximation indicated by curve (c). For a line of many 
sections, the optimum value of the design parameter m is 


/3/2 = 1.22. The number of sections required is 


N=—}79 (5) 
m 


Phase angle 


in terms of the cutoff frequency fc (Mc) and the delay T (us). 
As an example, a pulse 1 ws wide can be delayed 2 us by a 
network of f- = 1 Mc and N = 5 sections. 

In a concentrated delay line with phase correction, espe- 
cially if the delay is many times the permissible widening of the 
pulse, the attenuation increasing with frequency is likely to 
impose the practical limitation on the useful bandwidth. Therefore all losses must be 
minimized to secure the optimum design in limited space. 

A reflecting line is often useful and has the advantage of a round trip which doubles the 
delay. The voltage polarity of reflection is direct or reverse, depending on whether the 
far end of the line is an open or short circuit. Ordinarily the near end is terminated with a 
resistance load matching the line impedance to preclude multiple reflection. 

A reflecting line becomes a two-terminal network whose essential properties are expressed 
by the variation of impedance with fre- 
quency. An ideal delay line of uniform 
delay and no losses has a pure react- 
ance as shown in Fig. 32 if the far end 
is on open circuit. The alternate zeros 
and poles are at odd and even multiples 
of the fundamental frequency: 
i 1 

4/CL 
At this frequency, the length is 1/4 ye, 32. 
wavelength in the line. 

The impedance of a reflecting line can be duplicated over a limited frequency bandwidth 

by other two-terminal impedance networks which sometimes have advantages. Figure 
29(d) presents the reactance pattern of Fig. 32 by a parallel connection of several series- 
tuned circuits having equal values of inductance but 
such values of capacitance as to resonate at odd 
multiples of the fundamental frequency. Figure 
29(e) presents the same reactance pattern by a series 
connection of parallel-resonant circuits having equal 
values of capacitance and resonated at even multi- (@) Convex Phase Curvature (Fig. 30) 
ples. This last network has a great advantage in 
pulse discharging functions (as proposed by E. A. 
Guillemin) because only the isolated capacitor C has 
to take the high-voltage charge preparatory to the 
discharge; the other capacitors can have much lower 
voltage ratings. 

When a charged delay line is discharged into a 
matched load, the output is a pulse whose width is (b) Concave Phase Curvature (Fig. 31) 
the round-trip delay 27’, as shown in Fig. 33. The 
pulse starts suddenly by the discharge of energy 


(0) Frequency f, 
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Matched Load of Distortion 


near the terminals, but the trailing edge is sloping because the delayed energy is subject 
to the distortion in the line. 
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Figure 34 shows the distortion of a pulse subjected to round-trip delay in a reflecting 
line on open circuit. In every case the pulse is decreased in area by the attenuation and 
is widened by the amplitude distortion limiting the frequency bandwidth. The effects 
of phase distortion can be estimated by the method of paired echoes. The leading tran- 
sient (a) and the trailing transient (b) are charac- 
teristic of convex and concave phase curvature, 
shown in Figs. 30 and 31. The former occurs in con- 
tinuous coiled lines and the latter in lumped lines. In 
either case, phase correction (Fig. 34c) removes the 
transient oscillation, since the oscillation is caused 
by subnormal or abnormal delay of the higher- ial eae slay-andeRavercnDofia’ Pulse 
frequency components of energy in the pulse. by a Reflecting Line on Short Circuit 

If the direct and reflected pulses have to be 
separated, a delay line on short circuit (or an equivalent two-terminal network) is used to 
secure the result shown in Fig. 35. Since the respective pulses are of opposite polarity, 
one or the other can be selected by a rectifier. 


Time 
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WIRE TRANSMISSION LINES 


By John D. Taylor 


1. TYPES OF COMMUNICATION TRANSMISSION CIRCUITS 


Wire communication circuits are classified in two groups, open (bare) wire and cable. 
Each group includes a number of different gages and types of wire, and the electrical char- 
acteristics of each gage and type are different. Both groups have their respective fields of 
use, and frequently these fields overlap and supplement each other. Open wire is generally 
economical where the circuit requirements are relatively small and cable costs would be 
prohibitive. Cable is desirable and economical where large groups of circuits and the 
higher-frequency types of services are involved, and where maximum protection from 
surface interferences is essential. 

Cable is also employed for specific applications; for example, coaxial cable for television 
and radio transmission lines. 


2. FREQUENCY SPECTRUM 


Communication intelligence and signals (with the exception of those d-c signals used in 
telegraph, emergency, control, and other services) are usually transmitted between points 
in the form of a-c electrical energy or wave propagation of definite frequencies or frequency 
ranges. Because of the different devices for and methods of generating and transmitting 
these various a-c frequencies, and in order to avoid interference between the numerous 
circuits and services, frequency allocations have been determined for the various classes 
of communication and signal facilities. 

Communication services may be classified, for the purpose of assigning suitable facilities, 
according to the frequency range within which they operate. Figure 1 is a chart of fre- 
quencies employed in power and communication services up to about 5 me. (See Sect. 17, 
art. 8.) 


3. ELECTRICAL CHARACTERISTICS 


Primary constants of wire lines consist of 
capacitance C in farads, and leakage conduc 
may be expressed in smaller unit a 


agitation 9 indicated in Table 1. ; 
econdary constants are values derived from primary constants; for communication 


purposes, they consist principally of (1) impedance z in ohms and phase angle, (2) propaga- 
tion constant, composed of the attenuation and wave length constants, (3) wave length, 
(4) velocity of propagation, and (5) cut-off frequency. From the various constants, the 
electrical characteristics of the different wire lines have been determined, and these char- 
acteristics are useful in considering the suitability of such lines for communication purposes 
and in the engineering of the wire communication plant. 

The secondary constants, expressed in terms of the primary constants, are as indicated 
in the following equations. These equations apply to uniform lines of infinite length or 
terminated in their characteristic impedances. 

CHARACTERISTIC IMPEDANCE, Z Z6. A wire transmission line has both series 
impedance, z, and shunt admittance, y. For a line of uniformly distributed primary con- 
stants and of infinite length z = r + jwL and y = g + jwC, where w (angular velocity) = 
2rf radians [1 radian = (360/27) °]. 


ee 4 
ZH= NE = ant wl? ohms (1) 
y e+ wl? 
and 
L9= 5 (tant 22 —t aac 
2 g 


aRETNTES, inductance J in henries, — 
tance gin mhos. For convenience 


— 
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For standard non-loaded telephone cable lines, Z and g are relatively small, so that for 
approximate computations these constants may be neglected and 


Zo = — /45° ohms (2) 


For lumped loaded cable lines (the usual method of loading such lines), the midsection 
characteristic impedance Zp of an infinite loaded line may be determined from a pi net- 
work, converted to a T network, which is electrically equivalent to the combined lumped 
and distributed constants of a complete loading section of the line. The a (series) and 


STANDARD FREQUENCY FOR FORMER STANDARD FREQUENCY FOR RING- 

RINGING TELEPHONE BELLS STANDARD ING OVER CARRIER CIRCUITS AND 
TELEPHONE AND SIGNALING OVER LOCAL FREQUENCY FOR —_ LONG TOLL LINES.SIGNALING CUR- 
SIGNALING TELEPHONE LINES AND SHORT — RINGING OVER RENT IS INTERRUPTED 20 TIMES 

TOLL LINES NOT EQUIPPED SHORT TOLL PER SECOND TO AVOID FALSE 

WITH COMPOSITE SETS : OPERATION BY VOICE CURRENTS 


FREQUENCY 
IN CYCLES 
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ORDINARY TELEPHONE TRANSMISSION 


PROGRAM TRANSMISSION 


VOICE - FREQUENCY TELEPHONE 


ABSOLUTE LIMITS OF AUDIBILITY EXTEND 
FROM ABOUT 16 CYCLES TO 32,000 
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FOR SPEECH LIE WITHIN MUCH NARROWER BAND 


TELEPHONE 


ORDINARY TELEGRAPH CARRIER TELEGRAPH 
AS MANY AS 18 TWO-WAY VOICE-FREQUENCY 

NEUTRAL AND POLAR SYSTEMS, TELEGRAPH CHANNELS MAY BE CARRIED ON 
GROUNDED OR METALLIC. AL= BROAD-BAND CARRIER OR FOUR-WIRE CABLE 

TELEGRAPH THOUGH THEORETICALLY EMPLOY- FACILITIES. WHERE BAND WIOTH OF FACILITIES 
ING DIRECT CURRENT, TELEGRAPH IS RESTRICTED, FEWER CHANNELS ARE POS- 
TRANSMISSION INVOLVES A-C SIBLE. THESE BLOCKS MAY BE SUPERIMPOSED 
FREQUENCIES RANGING UPWARDS ONE ON TOP OF THE OTHER BY DOUBLE MOD- 
TO ABOUT 25 CYCLES eva aneee UTILIZE ANY AVAILABLE FREQUEN- 

N 


FREQUENCY 
IN CYCLES 
PER SECOND 


STANDARD POWER TRANS-*s~._ STANDARD FREQUENCY 
MISSION WHEN ALTERNAT= USED MOST EXTENSIVELY 
Y IN POWER WORK 
POWER WORK ARE INVOLVED AND LIGHT - 
ING IS A SECONDARY CON- 
SIDERATION 


Fie. 1.. Operating Frequencies for Power and 
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6 (shunt) values of the T network having thus been determined, 


a 
Lg = ab + as ohms (3) 


For uniform or lumped loaded cable lines at voice frequencies wl is large with respect to 


r and 
P L 
ZL = VE ZO0° ohms (4) 


LONG - WAVE : 2 : x 
TRANSATLANTIC Y<METERS->& 
TELEPHONE CIRCUITS TO Cae 


COAXIAL CABLE 


~——— 
FIXED AND MOBILE RADIO TELEPHONE BANDS AS ALLOCATED BY GOVERNMENTAL 
AUTHORITY THROUGH THE RANGE FROM 10 KILOCYCLES TO 30,000 MEGACYCLES 


: 
' 
' 
; 
' RADIO TELEPHONE 
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' 
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SHORT-WAVE TRANSOCEANIC” 
€ TO W AND W TO — TELEPHONE CIRCUITS 
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Tyee K |L_ JIL JIDD0D000000 caste system 


1 2 345678 W012 
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TYPE H 
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(Ge SN 


en 
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WTOE ETOW 
Cr! Co 

TYPE D 
RURAL POWER 


E TOW W TOE 
LINE CARRIER 
CE eR ES 


*TYPEC a CO} Ong! 


RADIO TELEGRAPH 


FIXED AND MOBILE RADIO TELEGRAPH 
BANDS AS ALLOCATED BY GOVERNMENTAL 
AUTHORITY THROUGH THE RANGE FROM 
10 KILOCYCLES TO 30,000 MEGACYCLES 


NOTE: LIGHTNING FREQUENCIES RANGE FROM A FEW HUNDRED THOUSAND TO THE HIGHEST 
FREQUENCIES AND ARE INVOLVED IN THE ENGINEERING DESIGNS OF PROTECTION IN 
BOTH POWER AND COMMUNICATION WORK 


%* THESE REPRESENT THE FREQUENCY ALLOCATIONS FOR ONE SYSTEM OF THIS TYPE ; 
OTHERS ARE DISPLACED SLIGHTLY,OR EMPLOY OTHER SIDEBAND 


Communication Services (Courtesy Bell System) 
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For non-loaded open wire lines at radio frequencies 
2D 
Zo = 276 logio res ohms (5) 


where D is the distance between the centers of the wires and d is the diameter of the wires- 


For coaxial (concentric tube) cable lines at carrier and higher frequencies 
b naletne lable ted ol 


(6) 


Zo = 138 logio . ohms R- ii ti un ra On 
where a is the outer radius of the inner ténductor and 6 is the inner radius of the Outer 
conductor. 

PROPAGATION CONSTANT. The propagation constant, y, is a function of the series 
impedance, z, and the admittance, y, in the vector relation 
= Vzy = V(r + jwl)(g + jwC) (7) 
aa y is composed of an Ue ees constant @ and a wave length constant 8 in the 
relation 


4 y=a+j8 = ycosé + jy sin# (8) 
hc ae = Vijg VE + ALE + PC) $ Ip Gr — LO) (8a) 
= V1 VO Ft LYE F PC) — 1p (er — WLC) (80) 


Equation (8a) gives a in nepers (1 neper = 8.686 db), and eq. (8b) gives 6 in radians 
(1 radian = 57.296°). It is usually more convenient to calculate a and B from eqs. (7) 
and (8) than from eqs. (8a) and (8b). 

From the above discussion it is seen that the propagation constant represents both the 
dying-away and phase-change effects of the voltages and currents, as they progress along 
the line. 

If y is given for 1 mile, then the total attenuation and phase change effects for 1 miles 
is ly. The ratio of the current J2 at the receiving end to the current i; at the sending end 
of a uniform line, / miles long and properly terminated, is 


2 =e Uy = e—latsB) = ela /Ig (9) 
1 

Thus, the magnitude of Jz = Ije~/@ and the two currents differ in phase by the angle 1p) 
which is expressed in radians. 

From Eq. (9) 


2.303 logio Loerie 
qi 


and the magnitude of the propagated current J2, in terms of the sending current I;, at 
any point along a uniform transmission line, is 
peor ae. ae (10) 
I 1 la 
loos 
Sa s08 
Also, if Pz is the received power and £; and J; are the sending end voltage and current, 
respectively, with phase angle 0, then 
P2 = E\le~ 2 cos 6 (11) 
showing that the power is attenuated in accordance with the square of the current ratio. 
If the constants of the transmission line are such that r/L = g/C or rC = Lg, then the 
line attenuation and velocity of propagation do not change appreciably with frequency 
and the line is said to be distortionless, since 
1 
a= Vre and, We. — 2 
VLC aa 
For standard non-loaded telephone cables, L and g are considered negligible; hence 
from eqs. (8) 
: 3 wrC é 
a = B = \/—— nepers (fora) and radians (for 8) (18) 
For uniformly or lumped loaded cable lines (up to about mid-frequency range) where 
r and g are small compared to wl and wC respectively, an approximate expression for 


a is 
PANG! NE P ats g 
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In this equation, r/2Z and g/2C are the damping constauts of the series and shunt con- 
stants, respectively, of the line. 
If g is assumed to be zero, eq. (14) becomes 


a PafE wal? m6} 
6) SN SS . nepers 5 
2°L Py Tay if e) 


Equation (15) also applies for open-wire lines in the r-f range. 

Thus, it is seen from eqs. (13) and (15) that, for values of (r/2L) < w, a is decreased by 
increasing L, i.e., by loading the cable line, although the full advantage is not realized, 
because, in loading the line, r is increased slightly by the resistance of the loading coils. 

For coaxial (concentric tube) cable lines in the r-f range 


a= Zo nepers (16) 


and, where both conductors are of the same material and the line dimensions are available, 


oy Vous /a + 1/d) | 


10~° neper per unit length 17 
276 logio(b/a) bias ra oe 


where p = resistivity of conductors in emu (about 1730 emu for pure copper). 
yu = magnetic permeability of the insulation. 
jf = frequency in cycles per second. 
a = outer radius of the inner conductor. 
b = inner radius of the outer conductor. 


WAVE LENGTH. The phase of the voltage and current for a uniform line is contin- 
ually changing in a modified sine-wave pattern, as progression takes place along the line. 
A complete phase change of 27 radians (360°) will occur in the length of line traversed by 
the voltage and current during the time they pass through 1 cycle. Thus, the wavelength 
d for a particular line may be equated as 

2a 


ds SS 7 miles (18) 


B being the phase change in radians per mile. 


VELOCITY OF PROPAGATION. Since a wave length is the length traversed by the 
voltage and current during 1 cycle, the velocity of propagation W may be equated as 


W =f miles per second (19) 


f being the frequency in cycles per second. 

For loaded cable lines, the inductance and capacitance of the line have a direct bearing 
on the wave length constant, wave length, and velocity of propagation. Since r and g are 
usually negligible for such lines, eq. (8b) for B becomes 


B = wVLC = 2nfVLC (20) 
Since \ = 27/8, 
We= i= mE yap ts be miles per second (21) 
B VJ 


Note: If Z and C are expressed as the values for one load section, then 8 and X are in 
loads and W is in loads per second. 

CUTOFF FREQUENCY. For non-loaded lines (cable or open wire), the cutoff frequency 
is usually high enough for all practical purposes for the service for which these facilities 
will be used, but for loaded cable lines the cutoff frequency is an important factor and may 


be expressed as 
1 1 


= ae 22) 
rV LC : 


fe 


where L is the inductance of the loading coil in henries and C is the capacitance of the 
loading section in farads for any particular line. 

Thus, the periodic lumped loaded line transmits all frequencies up to a critical or cutoff 
frequency. However, in the actual line there are some deviations from the ideal loading 
and some resistance in the line and loading coils, resulting in the >ttenuation of the trans- 
mitted frequency range to some degree. 
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4. EQUIVALENT NETWORKS 


Equivalent networks for a length of uniform line, transmitting alternating currents, may 
be constructed in the T or pi (7) form. 

For the T network, a, the value of each of the two series arms, and }, the value of the 
shunt arm, may be obtained from the equations 


1 
a = Z tanh & (23a) 
Zo 
= 230 
sinh ly ae) 


where Zp, l, and y are the characteristic impedance, length of line in miles, and the propaga- 
tion constant per mile. 
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Fra. 2. Calculated Attenuation vs. Frequency Characteristics, 600 ohm, Two-wire Lines, Solid Copper 
Conductors; Leakage and Radiation Neglected 


For the pi network, 7, the value of each of the two shunt arms, and s, the value of the 
series arm, may be obtained from the equations 


r = Zo coth a (24a) 


s = Zp sinh ly (24b) 


where Zp, 1, and y have the same meaning as for the T network. 

Figure 2 shows the calculated attenuation-frequency characteristics of 600-ohm, two- 
wire, solid copper lines, in which leakage conductance and radiation are assumed to be 
negligible. Calculations are based on the equation 

1830, , *. 

a = 8.686 wa - 10-8 decibel per mile (25) 
0 

where a = radii of the various conductors in miles, f = megacycles per second, and Zo = 

characteristic impedances of the various lines. The effect on current distribution of the 

return wire (important only when the ratio of separation to wire diameter is less than 20 

to 1) is neglected in the equation. 
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Figure 3 shows the calculated attenuation-frequency characteristics of copper concentric 
tube lines having optimum ratios of conductor radii. Leakage is neglected. Calculations 
are based on eq. (17). Assuming both conductors to be of the same material, a will be 
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Fie. 3. Calculated Attenuation vs. Frequency Characteristics, Copper Concentric Tube Lines. 
Optimum ratio of conductor radii. Leakage neglected. Dimension indicated is inner radius of 
outer conductor. 


a minimum when the ratio b/a = 3.6. With p = 1730 and a a minimum, eq. (17) can be 
reduced to rs 
. 0.686V f 
anes 5 
where f is in megacycles per second and 6b is the inner radius of the outer conductor in 
inches, 


a decibels per mile (26) 


WAVE GUIDES—THEORY 


By S. A. Schelkunoff 


Definition. A wave guide is a structure consisting of either conductors or dielectrics, 
or both, in which the boundaries between different media are cylindrical (surfaces made 
up by a translation of a straight line; circular cross-section is not essential). A metal wave 
guide is a wave guide containing at least one conductor. A dielectric wave guide is a wave 


guide consisting of dielectrics only. 


5. MODES OF TRANSMISSION 


Three types of waves are possible in straight metal wave guides filled with a homogeneous 
dielectric: transverse electromagnetic or TEM waves, transverse electric or TE waves, 
and transverse magnetic or TM waves. In TEM waves the electric and magnetic vectors 
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are perpendicular to the direction of the guide; in TE waves the electric vector is so dis- 
posed; and in TM waves the magnetic vector is perpendicular to the guide. TEM waves 
are possible only if the guide consists of two or more separate conductors; there are no 
restrictions on the existence of the other types. If the dielectric is non-homogeneous, then 
in general the waves are of hybrid type, with all components of H and H vectors present. 

Each wave guide permits an infinite number of transmission modes. Besides the above- 
mentioned general characteristics, each mode is distinguished by a transverse field pattern 
consistent with the structure of the guide. Theoretically, at least, it is possible to excite 
an arbitrary field pattern over a given cross-section of the guide; but, in general, this 
pattern will not be maintained along the guide. The self-maintaining patterns are the 
ones that define the various modes of transmission. In general, these patterns depend on 
the frequency as well as the structure of the wave guide; but, if the dielectric is homoge- 
neous, then the patterns are independent of the frequency and are given solely by the 
geometry of the metal boundaries. Each self-maintaining pattern is either attenuated or 
is traveling with a phase velocity peculiar to it. (See Propagation Constants, article 6.) 
An arbitrary pattern excited over a given cross-section breaks up into self-maintaining 
patterns. The field at various distances from the source is the result of interference be- 
tween the self-maintaining patterns arriving with different amplitudes and phases. 

In wave guides with rectangular, circular, and elliptic boundaries, the various TE and 
TM modes are designated by a double subscript, TEm, and TMmn, where m and n are 
integers appearing in the mathematical functions describing transverse field patterns. 
For each shape of the guide, indices m and n reflect certain physical characteristics of the 
wave; but the same indices for different shapes correspond to waves with different charac- 
teristics, and waves with similar characteristics may have different indices. This happens 
because a gradual deformation of a circular boundary into a rectangular affects different 
modes differently. 

In a wave guide of arbitrary shape the various modes are designated by a single subscript 
which denotes the position of the ‘‘cutoff frequency”’ on the frequency scale. The dominant 
wave is the wave with the lowest cutoff frequency. 


6. PROPAGATION CONSTANTS OF IDEAL WAVE GUIDES 


For an ideal non-dissipative wave guide with a homogeneous dielectric the propagation 
constant yg along the guide for a given transmission mode is 


Ye = wcV pe Ne = (2) w = Inf (1) 


We 


where the cutoff frequency f- is determined by the permeability u and dielectric constant © 
and by the geometry of the boundaries. For f < f,, y is real and the wave is attenuated 
even though there is no dissipation of energy. For f > f, the above equation becomes 


Ve = VN ee (2) 


and the propagation constant is imaginary. The wave becomes active in transmitting 
energy to large distances since under the assumed ideal conditions the amplitude of the 
wave does not diminish. These characteristics are the characteristics of a high-pass filter. 
For wave guides with a non-homogeneous dielectric there is no simple general expression 
for the propagation constant. 
PHASE VELOCITY. Above the cutoff the phase velocity along the guide is 


v 1 @ 


Oe waa Likon ane 


se (ee dae ee Ss 
Vue Ve, @) 
where v is the intrinsic velocity of the dielectric (velocity of light in the dielectric), c is the 
mtrinsic velocity of vacuum, and €; is the dielectric constant relative to vacuum. In 
hollow wave guides the phase velocity is always higher than the velocity of light in free 
space; this is in keeping with the high-pass characteristics of wave guides. 
GROUP VELOCITY. The group velocity or the velocity of a ‘‘wave packet”’ is 


Vgroup = ¥ Ne =F (2) (3) 


The product of the group and phase velocities equals the square of the intrinsic velocity- 
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WAVELENGTH IN THE GUIDE. The wavelength }, in the guide (the distance from 
crest to crest of the wave) is 


Vg » (v/f) = dy 
f. Vi— Gif? Velh— C/E 


where 2, is the free-space wavelength corresponding to the given frequency f and ¢, is the 
dielectric constant relative to vacuum. 


y= (4) 


7. RECTANGULAR WAVE GUIDES 


FIELDS. In a metal wave guide the effect of the conductivity of the walls on the field 
distribution is negligible. The following expressions are for perfectly conducting walls, 
assuming that the coordinate system is disposed as in Fig. 1. The time factor exp jwt is 
omitted. 

TEmm wave (if traveling in the positive z direction): 


n mre . nT mr . mraz ni 
E,=A 27 cos ——~ sin elie Ey, = —A sin cos eas 
b a b a a b 
E. Ez Xmne marx ny 
Fee i H, = A =— cos —— cos ——~e 5 
& K JE eree KELe jop a b (5) 
Jw we = 2 mr? ner 
K.= ve. Y = Viwulg + jw&) + Xmn Xmn = —+ 3 
a 


where m, n are integers, not equal to zero simultaneously. The quantities g, u, and € are 
respectively the conductivity, the permeability, and the dielectric constant of the dielectric 
in the guide. Figure 2 shows electric lines for some TE waves; they are also the lines of 
constant H,. The transverse H com- ——~-- 


ponent is perpendicular to the E vec- T + 

tor. The density of lines is propor- 

tional to the transverse field compo- 

nents. The pattern of the TEHj,9 

wave in Fig. 2(a) is the building = - U 
(c) 


block for patterns of the TE, (a) 
waves as illustrated in Fig. 2(c); 


y 
Oo Ea 
@ 
Fia. 2. Electric Lines in Rectangular Guides; (a) 
z TE},0 Wave; (0) TE1,1 Wave; (c) TE2,9 Wave; (d) 
Fia. 1 TE2,2 Wave 


m is the number of such blocks in the pattern of the TEm,. wave. In the TE,, wave the 
lines are parallel to the horizontal faces of the guide. The pattern of the TE;,; wave in 
Fig. 2(c) is the building block for the pattern of the TE,» wave when m and n are different 
from zero; m is the number of such blocks in the z direction (the horizontal direction), and 
n is the number of blocks in the y direction. 

TMy.n wave (if traveling in the positive z direction): 


nr. mara n mr mrz . on 
H, = A— sin cos" e- aA cos sin "4 e—% 
b a b a a b 
e mrx , n 
E, = K/™H, E, = —K,'"H, Epa da gin in et? (6) 
& + jwe a b 
26 [aE Sal | yaw) 2 
K,i™é = Vor Viwulg — J@e) -- Xmn* Xmn = Li Res ea ™ 


~ gt jwe a B 


where m, n are integers not equal to zero. Figure 3 shows magnetic lines for some TM 
waves; they are also the lines of constant H,. The transverse E component is perpendicular 
to the H vector. The density of lines is proportional to the transverse field components. 
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The pattern of the TM,,1 wave in Fig. 3(a) is the building block for the pattern of the 

TM nen wave; m is the number of such blocks in the x direction, and 7 is the corresponding 
number in the y direction. 

CUTOFF FREQUENCIES. The cutoff frequencies for the various modes of trans- 

mission are the frequencies at which the propagation constant vanishes; at these fre- 

quencies the propagation constant changes 

from a real to an imaginary value; these 


+ f e 
frequencies separate the pass band of fre- 
SE aay * quencies from the stop band. In this sense 
the cutoff frequencies are defined only for 
+ + ° 
(a) (d) 


non-dissipative wave guides; the cutoff fre- 

quencies of slightly dissipative wave guides 

il ; are usually defined by neglecting dissipa- 

aoe Magnet ates ih Wee @ tion. In general, the cutoff frequency may 

‘ 3 : be defined as the frequency at which the 

phase of the propagation constant is 45°; but when the dissipation is really large the 
concept of ‘‘cutoff”’ loses its practical value. ; 

For rectangular wave guides the cutoff frequencies and corresponding wavelengths (in 


vacuum) are ss 
c m\2 ANG 2V e, 
mn = eS  ————————— 
IP ah one ea J (3) Vijay? + (n/o) @ 


where c is the velocity of light in vacuum. 
The same formulas hold of TE and TM waves. For the dominant wave 


c 
2aV & 
where a is the longer dimension of the cross-section of the guide. 
ATTENUATION IN THE PASS BAND. In a previous section the exact expression is 
given for the propagation constant y when the walls of the guide are perfect conductors. 


To allow for the imperfect conductivity of the walls the following correction term should 
be added to vy 


Mo = 2aVe fo = (8) 


Ay = am + J) (9) 


where am is the attenuation in nepers per meter due to absorption of energy by the walls. 
For TEmn wave 


RV & [ ppm? + 2) -—— _, A+ d)¥mn? 
Sivas l me bw Wis ye ae aa eee | m0,n #0 
ave, (1, 2 
an = 1200 G se a rm) qd a Vm,0) “4 m # 0, n=0 (10) 
AVE [A wo 3 
Om = Foon ¢ aR 3 ront) (1 — von?) ~4 m=0,n 40 


where p = b/a, ¥mn = fmn/f, and @ is the surface resistance of the walls, and 


muf — 2eV30p, — 34.4V uy 
&m V gmdo V gmdv 
In this equation, yu, is the permeability of the walls relative to vacuum, gm is the conduc- 


tivity, and )» is the wavelength in vacuum for the given frequency f. For pure copper, 
g = 5.80 X 107 mhos per meter and 


R = 2.61 X 107VF = 8.25 X 10-7) SS BILE MUU (12) 
10 V/ NS V 10» 


R= (11) 


For the TMmn wave 
iz. RV €,(m2b3 + n2a3) 
~~ 607ab(m2b? + n2a?) 


m el a Vinn’) (13) 
The above formulas for am break down in the immediate vicinity of the cutoff; the 
attenuation does not go to infinity—it is merely large compared to the attenuation else- 
where in the pass band (see a later section on the attenuation near the cutoff). 


ae 


— 
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8. CIRCULAR WAVE GUIDES 


FIELDS. For the TE,,m wave the cylindrical components of the field vectors are 


Knym . nr nm 
E,=A san ( 7s e) sinnge%# EH, =A “nm J,’ (=*) cos np e~%? 
E. E Knym” Kens 
Hp=-— 9s He=qre He= Aa ( *) cosnpe# (14) 
I . . so 
KJ" = = y= ious + jue) + 


where kn,m is the mth non-vanishing zero of the first derivative of the Bessel function 
Jn’(k), and a is the inner radius of the guide. Some k’s are given below: 


ko = 3.83 kon = 7.02 kos = 10.17 
ky1 = 1.84 ky2 = 5.33 ky3 = 8.54 
ke = 3.05 ko. = 6.71 kez = 9.97 
k3,1 = 4.20 k3,2 = 8.02 k3,3 = 11.35 


Figure 4 shows electric lines for some TE waves. The electric lines of TEo,m waves are 
circles; for this reason TEo,m waves are called circular electric waves. 


e 
=a 


(d) (e) 


Fria. 4. Electric Lines in Circular Guides; (a) TEo,1 Wave; (0) TE1,1 Wave; (c) TE2,1 Wave; (d) 
TE1,2 Wave; (e) TE;,1 Wave Between Coaxial Cylinders 


For the TMn,m wave the field is 


lige . mm Km —, 
H, = AI, ( 2) Reo are Wee (2) cosnpe~Y? (15) 
p a a a 
E, = K,7“H E, = —K,%H E, = Gy cab Se (=*) cos ny e~%? 
‘ i ‘4 ak (g + jwe)a? a 


. . Henne 
K7™ = as y = Ysioulg + joe) + - 


where knm is the mth non-vanishing zero of the Bessel function J,(k). Some k’s are given 
below: 


ko. = 2.40 ko,2 = 5.52 kos = 8.65 
ki = 3.83 ki,2 = 7.02 kis 107 
ke. = 5.14 ke,2 = 8.42 ko,3 = 11.62 
kz, = 6.38 kz, = 9.76 k3,3 = 13.02 


Figure 5 shows magnetic lines of some TM waves. The magnetic lines of TMo,m waves 
are circles; for this reason TMo,m waves are called circular magnetic waves. 


10-14 TRANSMISSION CIRCUITS 


Fie. 5. Magnetic Lines in Circular Guides; (a) TMo,1 Wave; (b) TMy,1 Wave; (c) TMi,2 Wave; 
(d) TMoe,1 Wave 


CUTOFF FREQUENCIES. The cutoff frequencies and corresponding wavelengths (in 
vacuum) are 


_ _Cknm — QraV &; 
 2rav/e, = kena 
where c is the velocity light in vacuum and knm is the quantity defined in the preceding 
section. For the dominant wave (TE;,1) 


Ani — 1.7dV¢, (17) 


where d is the inner diameter of the guide. 

ATTENUATION IN THE PASS BAND. The propagation constant y given in a 
previous section is for the case of ideal non-absorbing walls. To allow for absorption by 
these walls, y should be augmented by 


Ay = an(1 + J) (18) 


where a, is the attenuation in nepers per meter caused by the absorbing walls. For TE 
waves 


fam (16) 


“A RV €, ne 
~ 1207a \knm? — nr? 


am 


a ron! (1 = Prim) % (18a) 


where Ynm = fnm/f. The surface resistance @ is given in the corresponding section on 
rectangular wave guides. 
For circular electric waves n = 0 and 


_ ave, 
~ 1207ra 


Om Yo,m*(1 — v0,m2) 7% (18) 
If the dielectric is non-dissipative, the attenuation of circular electric waves steadily 
decreases with increasing frequency 

For dominant waves (TE),;) 


RV €, 
an = ae [3.76(1 — »4,.2)~72 — 2.65(1 — 11,32)’4]10-3 neper/meter 
For TM waves 
an = RV Ge (1 = Dara) % 


~ 1207e 
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9. WAVE GUIDES OF ARBITRARY CROSS-SECTION 


CUTOFF FREQUENCIES. For wave guides of arbitrary cross-section the cutoff 
wavelength (in vacuum) and the cutoff frequency are given by 


Mima fe. Sas es vie = (19) 
a ffieraa 7? as Teds °  & 


where c is the velocity of light in vacuum, and T is proportional either to E, or to H,, 
depending on the type of the wave. This formula is exact; but generally it is not feasible 
to obtain T exactly. However, first-order errors in 7 lead to second-order errors in )., 
and the formula is extremely useful, especially for estimating the cutoff frequency of the 
dominant wave; only a reasonable guess is needed for 7' (see the next section). 

WAVE GUIDES WITH CROSS-SECTIONS OF THE TYPE SHOWN IN FIG. 
6(a). For dominant waves in wave guides of the shape shown in Fig. 6(a) electric lines 
run across in the manner indicated in the figure. Such wave guides are essentially pairs 
of parallel strips, shunted on both sides with cylinders, Fig. 6(6). Longitudinal magnetic 


h=b 
oe —w— t 1) oa Soy owe ies 


(b) 


is 6 Fic. 7 


lines run largely inside the cylinders, in opposite directions. On account of the increased 
capacitance in the middle, the cutoff frequency of such a wave guide is lower than that 
of a rectangular wave guide. To make an estimate of the frequency we let T = Hz = +1 
in one cylinder and 7 = —1 inthe other. Between the parallel strips we assume that the 
longitudinal magnetic flux varies linearly from +1 to —1; that is, we let T = 1 — (2z/w), 
where w is the width of the strips. 

The gradient of JT is zero inside the cylinders and (—2/w) between the strips. Substi- 
tuting in the formula contained in the preceding section, we obtain 


\ & ve, wee (s ae wh) (20) 


where h is the distance between the strips and S is the cross-sectional area of each cylinder. 
In the above form, the formula applies even when the cylinders are not circular. The 
width w should be comparable to one-half of the total width. 

If this formula is applied to a rectangular wave guide whose cross-section is broken up 


as in Fig. 7, we find \; ~ 1 Slav €, instead of the exact value \; = 2Qav €,. The error is 
about 10 per cent. The error diminishes as h decreases relatively to other dimensions. 


10. SPECIAL CHARACTERISTICS OF WAVE GUIDES 


CONDUCTION CURRENT IN THE WALLS OF A WAVE GUIDE. The conduction 
current in a metal wall of a wave guide is equal to the tangential magnetic intensity and 
is perpendicular to it. The direction is that in which a right-handed screw will advance 
when the H vector (which is supposed to be attached to the handle) is turned through 90° 
to make it coincident with the normal looking into the wall. 

In the case of dominant waves in a rectangular wave guide the current in the walls 
parallel to the # vector is strictly transverse. In the other walls the longitudinal current 
is sinusoidally distributed, with the highest density in the middle; the transverse current is 
zero in the middle and maximum at the edges. In these walls, the transverse current flows 
in opposite directions from the middle. As the frequency increases, this current diminishes. 
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ATTENUATION IN THE VICINITY OF THE CUTOFF FREQUENCY. The following 
expression for the propagation constant is valid for all frequencies 


y = V0? + joug + 2amyo(l + 9) (21) 


where 7 is the propagation constant calculated on the assumption g = am = 0. Whereas 
am is infinite at the cutoff, amyo is finite. For frequencies not too near the cutoff this 
formula is unnecessarily complicated, and it is recommended only for the immediate 
vicinity of the cutoff. 

CHARACTERISTIC IMPEDANCES AND POWER TRANSFER. The ratio 
K, = E./H; of the transverse components of the # and H vectors is called the wave 
impedance. The average power W transferred per unit area of the cross-section of the 
wave guide is 


W = K.-H tert (22) 
where Hef is the effective value of H; (the factor 1/2 should be included if the amplitude 


of H; is being used). 
For the dominant wave the total power transfer P is given by 


P= Kp,yVer? = Kp,ilen” = Kvy,1Verler (23) 


where Veg is the effective value of the maximum transverse voltage, Jeg is the effective 
longitudinal current, and the K’s are the characteristic impedances. For rectangular 
wave guides 


754b 465b 
Key = — Kp,. = ————— Ky,1 = VKp,vKp,1 (23a) 
avi— V1,0" av 1 Pe 0° 
For circular wave guides 
764 354 ————. 
Kpyy = — Kp. = Ke V/Kp,vKp.1 (23b) 
V1 — 1,12 V1 “= 1,12 
For wave guides of the shape shown in Fig. 6, approximate formulas are 
377h 
Kp,y = Kp, ~ Ky, = — (28c) 
wV1 — 


In these formulas v denotes the ratio of the cutoff frequency for the dominant wave to the 
operating frequency. 

The above expressions may be used without any reservation in power calculations. The 
following section should be consulted before any attempt is made to calculate reflections 
and standing waves. 


11. WAVE-GUIDE DISCONTINUITIES 


Any local change in the shape of a wave guide or any obstruction represents a wave-guide 
discontinuity. Local fields are likely to be associated with such discontinuities. A capacitor 
or a coil shunted across a low-frequency transmission line are examples of discontinuities. 
The local fields store energy during one half of the cycle and release it during the other; 
they act as virtual generators, operating on power borrowed from the traveling wave. If 
the operating frequency is higher than the cutoff frequency of the dominant wave but lower 
than the cutoff frequency for any other wave, there is no possibility for the energy to be 
sent back to its source or to the load in any mode except the dominant. In these cireum- 
stances the effect of the local field made up of higher-order waves may be represented by a 
reactive transducer which in its turn may be expressed as a T or pi network. The branch 
reactances of these equivalent networks may be computed in terms of the reflection and 
transmission coefficients if the latter are measured or obtained directly from a solution of 
an appropriate electromagnetic boundary value problem. In some special cases the equiva- 
lent network reduces to a series or shunt reactance. 

If two wave guides of different dimensions are joined together, the junction introduces 
a reactive discontinuity of the above-mentioned type as well as a discontinuity in a char- 
acteristic impedance to the dominant wave. The reflection coefficient will be determined 
not merely by the impedance mismatch but by the reactive discontinuity as well. This 
is a general statement, and it applies to ordinary low-frequency transmission lines, for 
which, however, the series branches of the reactive discontinuity are so small, and the 
shunt branches so large, that their effect is negligible. In wave guides, on the other hand, 
the effect is ordinarily not negligible. 


ES 8 
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Some discontinuities are introduced inadvertently, as in joining two wave guides; others 
are introduced deliberately as circuit elements. Simplest circuit elements are transverse 
diaphragms or irises, Fig. 8(a), (b), (c), and transverse strips or wires, Fig. 8(d). If the 
irises and wires are thin, they are substantially shunt reactances. If the edges of the iris 
are perpendicular to the H# vector, as in Fig. a Yi = 
8(a), the iris is capacitive; if the edges are ee 
parallel to the EF vector, as in Fig. 8(b), the zy ZZ Li —7 y 
iris is inductive; in the case shown in Fig. 8(c), (a) (b) (c) (d) 
the iris is a parallel combination of an induct- Fic. 8 
ance and capacitance and may be designed 
to be an antiresonant circuit. Thin transverse wires introduce a shunt inductance nearly 
independent of the frequency. As the radius increases, the series branches of the equivalent 
transducer become important. 


WAVE-GUIDE COMPONENTS 


By George L. Ragan 


12. WAVE-GUIDE CHARACTERISTICS 


The form of wave guide most commonly used is a metal tube of rectangular cross-section 
whose width a is about twice its height b. Within a twofold frequency range, only the 
dominant (TE) mode is actively propagated, and the orientation of the fields within the 
tube is unique. That is, the electric field is perpendicular to the broader walls of the wave 
guide. By contrast, the frequency range within which the dominant (TE,) mode in 
round wave guide is propagated to the exclusion of all others is only 1.31 to 1, and the 
orientation of the fields within the tube is not uniquely determined by the wave-guide 
geometry as it is in the case of rectangular wave guide. Consequently, bends and irregu- 
larities in round tubing cause changes in field orientation and even introduce elliptical 
polarization effects. It is because of this difficulty that round wave guide is little used as 
a transmission line. However, round wave guide is frequently used in short sections for 
rotary joints. In this application, the symmetrical TMo mode is used. 

Expressions for calculating cutoff wavelength, attenuation in copper wave guide, and 
power transmitted in common wave-guide modes appear in Table 1. 


Table 1. Wave-guide Expressions * 


Wave-guide Shape Mode Xe a/ayt P/Pit 
a A\?2 
Reotangular..).1 ae TE:0 2h 4cle [ = a (=) | 6. 63ab 
ry Mee 
HROUNG cr arets s stcyates sistas TE, 1.706d | 3.55 [ 9.420 4 ey 4.98d * 
x 
2 
onder toe TMo: | 1.306d | 2.72 2. 83d? (=) 
if \ > 0.6574 


* Tables and figures in articles 12-19 are reproduced by permission from G. L. Ragan, Microwave 
Transmission Circuiis, Vol. 9, Rad. Lab. Series, McGraw-Hill Book Co., 1948, 
= attenuation for copper wave guide, decibels per meter. » = Ree 
ie ce tP1 = 10-4 Bmax? /i — (%)* 
Xe 


1D 1074 (A/c) 
nV — /ro)? 


a1 


The notation used in this article is as follows: 


= larger inside dimension of rectangular wave guide, in meters. 
= smaller inside dimension of rectangular wave guide, in meters. 
= inside diameter of round wave guide, in meters. 

= free-space wavelength, in meters. 

= cutoff wavelength for the mode, in meters. 

attenuation in decibels per meter. 

power transmitted, in watts. 

electric field intensity, in volts per meter. 


a 
b 
d 
r 
Ne 
a 


& 
ll 
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In Table 2, numerical values for a few representative wave guides are given. The figure 
Emax = 30,000 volts/em is based on experimental work on air at atmospheric pressure 
(M.1.T. Radiation Laboratory Series, McGraw-Hill Book Co., Vol. 9, Chapter 4). 


Table 2. Characteristics of Representative Wave Guides 
(Courtesy McGraw-Hill Book Co.) 


: . Wave- | Power,* | Loss,t 
Army-Na Guide Size Wall, , , Wavelength t 
Dee OD, in. in. length, mega- db/m Band, cm 
; cm watts | Copper 
A. Rectangular (TE;9 Mode) 
RG-48/U..... 3 Gig) 0.080 10.0 10.5 0.0199 7.3 -13.0 
RG-51/U..... 1.25 X 0.625 | 0.064 7 svi 0.0725 2.9 - 5.1 
RG=52/Unee a We sxe 0.050 Say 0.99 0.117 2.3 - 4.1 
Womens: sats 0F5 0525 0.040 1.25 0.223 | 0.346 1.07— 1.9 
B. Round (TE,; Mode) 
None Ss sca ss 21D = "| Beene 10.0 16.6 0.0140 | 10.0 -11.7 
None sant ate 10D 0.032 52 1.57 0.0847 3.18 3.64 


* Calculated assuming Emax = 30,000 volts/cm. 

+ Calculated values for copper. 

t Based on maximum wavelength 10 per cent below cutoff wavelength, minimum wavelength 1 per 
cent above cutoff wavelength of next higher mode. 


13. FLEXIBLE WAVE GUIDES AND COUPLING UNITS 


Flexible wave guide is used similarly to flexible coaxial cable. Applications include | 
connections to shock-mounted units; connections to pieces of equipment which must be | 


Fie. 1. Wound Metal-hose Wave Guide (Cour- Fic. 2. Titeflex Wave Guide (Courtesy McGraw- / 
tesy McGraw-Hill Book Co.) Hill Book Co.) 

moved about; temporary or emergency replacement lines; and as patch connections, 

particularly in test equipment. 

Two types of construction which have proved to be especially useful are illustrated in : 
Figs. 1 and 2. Figure 1 shows the ‘‘metal-hose’’ type manufactured by the American : 
Metal Hose branch of the American Brass Co., Waterbury, Conn. This type is made of ; 

fairly heavy metal wound in the interlocking manner : 
indicated. Flexibility is afforded by sliding of the in- : 
terlocked contacting surfaces. The “‘Titeflex” type | 
shown in Fig. 2 is manufactured by Titeflex, Inc., ] 
Newark, N. J. Titeflex is made of thin metal wound 
as shown and soft-soldered. Flexibility is afforded 
by flexure of the thin metal convolutions. It has 
been found that a molded-on rubber jacket affords | 
needed protection to both types and in addition im- 
proves the performance of the metal-hose type by 
causing lower contact resistance. A complete rub- 
ber-covered section is shown in Fig. 3. Such wave i 
Ha 3, Rated wee guides may be bent on radii equal to about 20 


guide Assembly (Courtesy McGraw-Hill times the respective nominal dimensions of the wave 
Book Co.) guide. 
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Several other types of flexible wave guide have been found useful, especially in short 
lengths, as flexible coupling units. These include: (a) Corrugated wave guide; essentially 
a thin-walled metal bellows of rectangular cross-section (American Metal Hose). The depth 
of convolutions must be a small fraction of a wavelength. (b) Spun bellows assembly; a 
soft-soldered assembly of thin-walled units each of which includes a circular bellows section 
the depth of whose convolution is effectively one-half wavelength (American Metal Hose). 
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Fia. 4. Typical Vertebral Assembly; (a) is a Single Choke Disk; (6) is the Flexible Cover; (c) is 
the Assembly (Courtesy McGraw-Hill Book Co.) 


(c) Cook bellows assembly (Cook Electric Co., Chicago, IIll.); a somewhat more rugged 
and broader-band bellows similar in principle to (bd). 

A coupling unit providing a maximum flexibility in longitudinal, transverse, and angular 
displacements is the so-called vertebral type illustrated in Fig. 4. This unit is based on 
the choke-flange or capacity-type wave-guide connector described in article 14 below. 
Power leakage from the open space between adjacent sections is minimized by the action 
of the choke grooves, and fairly large displacements may be tolerated without causing 
serious impedance mismatch. 


14. WAVE-GUIDE CONNECTORS 


Two sections of wave guide are usually joined by couplings of either contact type, 
Fig. 5, or choke-flange type, Fig. 6. The contact type has some advantages and provides 
excellent results if certain precautions in design and use are observed. The choke-flange 
type, however, is found to be more reliable for general use. 
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The design of contact couplings must be such that good contact is secured at all points 
around the periphery of the butt-joined wave guides. Particular care must be exercised 
to avoid the formation of cavities by permitting the contact to be made at points on the 
bolting flanges before the wave-guide ends are forced into good contact. The contact 
surfaces must be carefully machined and must be kept free of dirt, 
corrosion, and mechanical deformations. 

When these precautions are observed, a junction is obtained which 
is practically perfect in all respects. This type of coupling is ex- 
ceedingly valuable in certain laboratory design work where the 
syees required care in use can be taken. Likelihood of deterioration of the 
quality of the contacts in use under field conditions, however, 
presents a serious obstacle to their general utility. One contact- 

type coupling which has given satisfactory service for use with 1 1/9 
tae i, oe, oe meee vet in. by 3 in. wave guide is that designated by the Army-Navy Cable 
Graw-Hill Book Co.) Coordinating Committee as UG-65/U and UG-66/U. 

The choke-flange type coupling of Fig. 6, in which quality of contact is unimportant, 
affords a connector admirably suited to use under adverse conditions. In addition, such a 
coupling scheme is very useful in rotary joints. Parts (6) and (c) of Fig. 6 are designed 
principally for such use. The wave-guide ends are slightly separated, and currents inter- 
rupted by the gap A excite a folded section of line which surrounds the gap. This section 
of line is terminated in a short circuit (closed end), and its length is effectively one-half 
wavelength. Hence it presents at its input end essentially zero impedance to the flow 
of currents interrupted by the gap A. The contact between flanges occurs at the point B, 
which is at the midpoint of the half-wavelength line, and hence at a point of essentially 
zero current. It is for this reason that the quality of the contact between flanges is un- 
important. 

Naturally, there is only one specific wavelength for which the conditions outlined above 
exist, and at this wavelength only is the connector perfectly matched (i.e., reflectionless). 
In the design of such connectors, one must be guided by the principles discussed below if 
a low degree of frequency sensitivity is to be achieved. Since the same principles are in- 
volved in the choke-type 
coupling scheme com- 
monly used in most rotary 
joints (see article 17 be- 
low), they will be dis- 
cussed in some detail. 

In considering the ac- 
tion of the choke-flange 
coupling, it is convenient 
to consider separately two 
sections, each effectively 
one-quarter wavelength 
long at the design fre- 
quency: (a) the radial sec- 
tion from A to B, and (b) 
the circular groove of 
depth d. The circular 
groove is terminated in 
zero impedance and pre- 
sents at B, an effective 
quarter wavelength away, 
a high impedance which, 
in series with the contact 
resistance at B, terminates 
the radial section of line. 
This high-impedance ter- (b) 
mination of the radial line F : ‘ 

1a. 6. Choke-flange Couplings; (a) Rectangular Wave Guide; (6) and 


is transformed to a low (c) Cireular Wave Guide (Courtesy McGraw-Hill Book Co.) 
impedance at A, an effec- 


tive quarter wavelength away. The design problem resolves itself into that of providing, 
at frequencies in the neighborhood of the design frequency, a maximum impedance at B 
and a minimum impedance at A. It is easily argued that these objectives are realized 
(a) by maximizing the characteristic impedance of the groove section by making the 
groove width z as large as is practical, and (b) by minimizing the characteristic impedance 
of the radial section by making the gap y as small as is practical. 


eo 
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For example, let us compare the voltage standing wave ratio (VSWR) introduced to 
= 9 cm by two chokes, both perfectly matched at 10.7 cm, differing only in regard at 
the values of « and y. For one design, x = 0.150 in., y = 0.104 in., VSWR = 1.13. For 
the other design, x = 0.250 in., y = 0.050 in., and VSWR = 1.03. 

Design details and performance figures for a number of choke-flange units are given 
in Table 3. . 

Table 3. Choke-coupling Design Details 
(Courtesy McGraw-Hill Book Co.) 


Design Band 


i h Di i in. 
la Choke Dimensions, in Wave- | Width for 
ris roe length, | r = 1.05 
Army-Navy Type sions, in. D | x | y | d ; “ey 
Choke Flange Sa om 7 
b Rectangular-wave-guide Choke. 
Y Fig. 6 (a)—TE 19 Mode 
WG=54(U-53 70 8 onc devs 5 Serenteec 2.84 | 1.34 | 4.015] 0.250] 0.050 1.120 10.7 +15 
U=200/U=21 4/0 acct otlnote 2.84 | 1.34 | 3.75 | 0.250] 0.030 0.865 9.0 +15 
WOCEZ 1) AUISE AU. @incn Gouc chine 0.90 | 0.40 | 1.183] 0.063} 0.031 0.347 3.20 +6 
UGS 2 Usenet ee 1.125] 0.50 | 1.332] 0.063} 0.031 0.347 Sr 20) eos sae 
INORG Ae cova n sftote nae fare ee cars 0.900} 0.40 | 1.155} 0.125] 0.010* | 0.355* 3.30 >+6 
WEP FALSIICW Bigte® coda dpe 0.420] 0.170] 0.501] 0.029} 0.008 0.137 1525 >+2 
Noni + toaeiutes-« ees dow ele ot ars 0.420] 0.170] 0.589] 0.063] 0.008 0.156 57%) >+4 
é Circular-wave-guide Chokes. Fig. 6 (6)—TMo; Mode 
INOne Bice ee ar omens spte era a 0.4675 0.713) 0.050} 0.015 0.153 1.25 >+4 
None) eet th Sek 1.187 1.479 | 0.093] 0.030 02312 3.30 >+6 


* Designed for 0.115-in. separation between choke and flange. 


15. BENDS, TWISTS, AND ANGLES 


If rectangular wave guide is bent or twisted gradually enough, i.e.,in a length represent- 
ing several wavelengths, the reflections set up in the wave guide are negligibly small. Al- 
ternatively, it may be bent or twisted rather abruptly without introducing serious reflec- 
tions if the mean length of bend or twist is a multiple of 
half the guide wavelength. Care must always be exer- 
cised to avoid the introduction of bumps or ripples in the 
wave-guide walls or of excessive distortions of the cross- 
sectional dimensions. The achievement of this end is 
materially assisted by filling the wave guide with a low- 
melting-point alloy such as Woods metal or Cerrobend 
before working it, and melting it out afterwards. 

Figure 7 illustrates two types of bend, designated as H- 
plane and #-plane bends, depending on whether the bend- 
ing radius vector lies in the plane of the magnetic field 
lines (#) or electric field lines (#). Incidentally, these 
bends are sometimes conveniently referred to as “hard 
bends’”’ (H) or ‘‘easy bends’ (Z) for obvious mechanical 
reasons. The performance data for some bends and 
twists are given in Table 4. 

It is sometimes preferable, in order to achieve minimum 
space factor, to substitute fabricated corners for bends. 
Two types of well-matched corner are illustrated in Fig. 
8. The double-mitered type is usually to be preferred (a) 
because the dimensional tolerances are larger, and (b) 
because this type can carry more power, since it has less 
acute corners and a less restricted cross-section. Both 
types may be designed for any desired angle, not being 
restricted to the 90° type drawn. : Fra. 7. Wave-guide Bends; (a) 

It is found experimentally that the mean separation L H Bend; (b) E bend (Courtesy 
between miters in the double-mitered H-plane corner is a McGraw-Hill Book Co.) 
quarter guide wavelength for best match. This is easily understood as providing a cancel- 
lation of mismatches by reason of quarter-wave spacing between identical reflections. In 
double-mitered H-plane corners, however, the spacing deviates slightly from the expected 
quarter-wave value. This is presumably because of the disturbance due to a greater 
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Table 4. Performance of Wave-guide Circular Bends and Twists 
(Courtesy McGraw-Hill Book Co.) 


Design | Band Width 


Wave-guide Wave- for r below 


Type : 3 
yp Size ID, in. length, cm 1.05, % 


-34 X 2.84 
-34 X.2.84 
-125 X 0.50 
-90 X 0.40 
-90 X 0.40 
-90 X 0.40 
-420 K 0.170 
234° X 2.84 
-34 X 2.84 
-125 XK 0.50 
-90 xX 0.40 
-90 XK 0.40 
.420 + 0.170 


E-plane bend 


NR WWW Ww 
Ww 


H-plane bend 


ooo3wr-r-—-cocooo-=--<—— 

SHONADADOWCONAD 
a 

= WWW OS — WWWW 


wWwWW 
Wow 


, Design | Band Width 
Wave-guide Wave- for r below 
Size ID, in. length, cm 1.05, % 


Twists 2 3.4 +6 
3 3.4 +3.7 
4 3.3 >+9 
11/4 1.25 >+44 
21/p 1.25 >+44 


(a) 


Fie. 8. Wave-guide Corners; (a) Double-mitered Type; (6) Single-miter, Cutoff Type (Courtesy 
McGraw-Hill Book Co.) 

excitation of Jocal fields. Figure 9 gives the spacing found experimentally to give well- 

matched double-mitered H-plane corners of 90° total angle. Her o/A; is the ratio of 

design free-space wavelength to the cutoff wavelength. The band width (for VSWR 

below 1.06) is found to range from about 20 per cent (occurring for o/Xe of about 0.6) 

to about 8 per cent: (for o/c of about 0.85). 


16. IMPEDANCE MATCHING AND IMPEDANCE TRANSFORMERS 


In designing a specific wave-guide component, certain parameters are varied in an at- 
tempt to arrive at a design which performs its specified function and at the same time 
introduces into the wave guide the minimum impedance discontinuity, i.e., the minimum 
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of reflection of the incident r-f wave. It is frequently impossible to achieve the desired 
degree of freedom from reflected waves without sacrificing quality of performance in some 
other respect. When such an occasion arises, it is necessary to compensate for this im- 


0.31 
0.30 
& 
$029 
0.28, 
0.27 
0.50 0.60 0.70 0.80 0.90 
Xo/ Ao 
Fir. 9 Design Curve for Double-mitered H- Fie. 10. Wave-guide Impedance-match- 
plane Corners (Courtesy McGraw-Hill Book ing Diaphragms; (a) Inductive Types; (b) 
Co.) Capacitive epee atcha McGraw-Hill 
ook Co. 


pedance discontinuity by introducing into the wave guide an impedance-matching trans- 
former. 

Impedance transformers may be classified into two general categories, fixed and variable. 
The fixed type is inserted at the time of 
fabrication according to instructions 5 0. Se el 


given by the designer, whereas the vari- Yy Y 
ble t be altered by th f i t 
able type may be altered by the user o : AC 


the equipment to achieve the desired 


performance. Though the variable ‘ Ri i 

type may give superior performance S : Yo EB Yo 
when adjusted with the required skill : . 

and care, it is capable of doing more 
harm than good if improperly adjusted. 
The variable type is, therefore, to be 
avoided whenever possible. 

The fixed-type impedance trans- 
former usually consists of one or more 
thin metal strips soldered into the wave 
guide in one of the forms shown in Fig. 
10. The most widely used is the sym- 
metrical inductive diaphragm shown 
in the upper right figure. The equivalent circuit and design data for this type are given in 

14 Fig. 11. The asymmetrical inductive 
diaphragm, design data for which are 
given in Fig. 12, is used somewhat 
less, as the local field distortions set 
up by it are more extensive. The 

3 Ml \ b 0.78 capacitive types are little used be- 
20.8 


Fig. 11. Design Curves for Symmetrical Inductive Dia- 
phragms (Courtesy McGraw-Hill Book Co.) 


cause of the restriction of the per- 
missible power level imposed by the 
high electrical fields occurring across 
the gap formed. 

The curves of Figs. 11 and 12 are 
for infinitely thin metal strips. A 
rough compensation for increased 
thickness may be made by assuming 
a strip to extend into the open space 
by an amount equal to half the thick- 
ness of the strip. 


Fia. 12. Design Curves for Asymmetrical Inductive Dia- The normalized susceptance B/Yo 
phragms (Courtesy McGraw-Hill Book Co.) required to correct for a measured 
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voltage-standing-wave ratio r may be determined by the relation 


B r—1 (1) 


The distance d, from the determined position of a minimum in the voltage-standing-wave 
pattern, toward the load (for inductive diaphragms) or toward the source (for capacitive 
diaphragms) may be determined from the relation 
d _ 90° — tan "(1/2 B/Yo) 
Ne ae 720° 
Alternatively, both B/ Yo and d may be read from a transmission line chart or admittance 
diagram. 

Several other types of fixed-impedance transformer have seen limited use. One of these 
is the quarter-wave transformer of ordinary transmission lines. A wave-guide section of 
the desired lower characteristic impedance is formed by soldering a plate of suitable 
thickness to one of the two broad walls of the guide. This plate is the full wave-guide 
width and a quarter guide wavelength long. Since guide width a is not changed, charac- 
teristic impedance is proportional to unfilled wave-guide height b. 

Another scheme utilizes capacitive ‘‘buttons’’ soldered in place, or dents formed by a 
suitable rounded tool. Either button or dent forms a projection from the broad wall of 
the guide which acts essentially as a shunting capacitive element. 

Variable-impedance transformers or ‘‘tuners’’ have appeared in numerous forms. They 
have usually either two or three adjustable elements appropriately spaced along the guide. 
Among the forms which the adjustable elements have assumed are: (a) ‘‘Stubs,”’ or branch- 
ing sections of wave guide perpendicular to the main wave guide and containing adjustable 
short-circuiting plungers. The stub line may branch from either the broad wall (#-plane 
stub) or narrow wall (H-plane stub) of the guide. (b) Screws, inserted through threaded 
holes in the broad wall. (c) ‘‘Slugs,’”’ obstacles of either dielectric or metallic materials, 
designed to alter the characteristic impedance of the guide in the section into which they 
are inserted (usually a quarter guide wavelength long). These slugs are ordinarily inserted 
through a narrow longitudinal slot in one of the broad wave-guide walls. 

Stubs may introduce either inductive or capacitive susceptance. Three stubs spaced 
at quarter-wavelength intervals can, in theory, transform any load impedance into any 
desired input impedance. In practice, if one is interested in matching out or introducing 
a VSWR of 2 or less, two stubs spaced an odd number of eighth wavelengths apart are 
adequate and have the advantage of easier adjustment. 

Small-diameter screws inserted into the wave guide introduce a capacitive susceptance 
only. This limitation makes the attainment of a proper adjustment much more difficult 
than that for stubs. As the screw diameter is increased to a size comparable to the wave- 
guide dimensions, it achieves an inductive effect when retracted, just as does a stub, which 
it begins to resemble. This opens up the possibility of a screw-type tuner which is rela- 
tively easily adjusted. As for stub tuners, an odd number of eighth wavelengths proves to 
be a good spacing. 

A single screw of small diameter, mounted on a sliding sleeve fitted closely around the 
wave guide, and projecting through a longitudinal slot in the wave guide, constitutes a 
very useful tuning device. By adjusting both insertion length and position along the slot, 
any tuning requirement is easily met. 

“Slug” tuners may be similar in action to the single screw tuner just described. Or 
they may consist of two identical slugs whose overall reflection is varied by varying the 
spacing between them, and the phase of this overall reflection is varied by sliding the two 
slugs, as a single unit, along the guide. 

A simple form of variable-impedance transformer is the phase shifter or “‘line stretcher” 
type. This type does not alter the magnitude of the wave reflected by an impedance 
discontinuity but merely alters its phase. Such a device is very useful in promoting sta- 
bility of magnetron oscillators in long lines. 

One common form is made simply by cutting longitudinal slots in both broad walls of 
the wave guide and squeezing the section thus formed to alter the wave-guide width. As 
width changes, guide wavelength and hence total phase length of the section change. 


(2) 


17. TRANSITION UNITS 


Whenever it is desired to couple two different wave guides together, either in the same 
or different modes, some type of transition unit is needed. Similarly, a transition between 
coaxial lines and wave guides is frequently needed. One very important need for transition 
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units is in connection with rotary joints, where the dominant wave-guide mode cannot be 


used (see article 18). 


A number of types of transitions between coaxial lines and wave guides are illustrated 
in Fig. 13. Types (e) and (f) are especially suited for low-power work; types (g), (d), and 
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Fie. 13. Transitions from Coaxial Line to Wave 
Guide (Courtesy McGraw-Hill Book Co.) 


S-Coaxial stub length 


(c) are recommended for intermediate powers; 
and types (h) and (7) are especially suitable 
for high powers. 

A simple transformer designed to coupie 
from 1 by 1/2 in. wave guide to 1 1/4 by 4/g in. 
wave guide is shown in Fig. 14. Such a trans- 
former section may be calculated by making 


Fig. 14. Quarter-wavelength Transformer be- 
tween 1 x 1/9 inch to 11/4 x 5/g inch Wave Guides 
(Courtesy McGraw-Hill Book Co.) 
the intermediate section a quarter wavelength 
long (in terms of its own Ag), and choosing its 
dimensions so as to give a characteristic 
impedance equal to the geometric mean of 
those of the joined wave guides. For this 
calculation, the characteristic impedance may 


be taken as Ay 
NE de b 
€ Aja 


If one prefers, two rectangular wave guides 
could be joined by a relatively long tapered 


Zo 


(3) 


Fig. 15. Taper from Rectangular to Round Wave 
Guide (Courtesy McGraw-Hill Book Co.) 


section. Such a taper is commonly used be- 
tween rectangular and round wave guides, as 
illustrated in Fig. 15. If space does not per- 
mit such a taper between rectangular and 
round guides, a transformer section such as 
that shown in Fig. 16 may be used. 


Transitions between the TE, mode in rectangular wave guide and the TMo, mode in 


round wave guide are particularly useful in rotary joints. 


Three such transition units 


are shown in Figs. 17, 18, and 19. Varying degrees of complexity are illustrated. In Fig. 
17, the parameters were adjusted so that satisfactory impedance match and TM mode 
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purity are obtained without the matching diaphragms or mode-filter ring shown in the 
other designs. The design of Fig. 18 is especially recommended for high-power work, as 


no sharp corners are present to cause breakdown. 


5 
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Fic. 16. Quarter Wavelength 0.158’ 


Transformer between Round Fig. 17. Transition from Rectangu- 

and Rectangular Wave Guides lar TE,0 to Round TMo; Mode for 

(Courtesy McGraw-Hill Book 1.25 ecm Wavelength (Courtesy Mc- 
Co.) Graw-Hill Book Co.) 


\ 
Matching windows 


Fig. 18, TMo1 Transition for Fre. 19. TMo; Transition with Combina- 
High-power Use (Courtesy Mc- tion Stub and Resonant Ring Filter (Cour- 
Graw-Hill Book Co.) tesy McGraw-Hill Book Co.) 


18. MOTIONAL JOINTS 


This classification includes rotary joints, oscillating joints, hinge or “‘knuckle’’ joints, 
and universal joints. Rotary joints, exemplified by Figs. 20, 21, and 22, permit continued 
rotation about an axis; oscillating joints vermit limited rotary oscillations about an axis. 
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Fia. 20. Rotary Joint, Combining Coaxial Line and Wave Guide, for Use at 3-cm Wavelength (Cour- 
tesy McGraw-Hill Book Co.) 
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Hinge or knuckle joints, Fig. 23, permit angular displacements of one wave guide with 
respect to another, the axis of the hinging being perpendicular to the wave-guide axis. 
Universal joints, Fig. 24, permit the motion provided by gimbals. 
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(Courtesy McGraw-Hill Book Co.) 


Any transition unit from the dominant wave-guide mode to a coaxial line or to a round 
wave guide excited in a circularly symmetrical mode may serve as the basis for a rotary 
joint. In Figs. 20 and 21, the actual rotation is accomplished in coaxial line. Gaps in the 
coaxial line conductors are bridged by ‘‘choke couplings” similar to those described in 
article 14. A convenient feature of the high-power rotary joint of Fig. 21 is the inclusion, 
within the center conductor of the main joint, of a second coaxial rotary joint for an 
auxiliary transmission line. 
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An important consideration in the design of rotary joints using the TMo mode is con- 
cerned with the choice of a length L, Fig. 22, which avoids troublesome resonance effects. 
Such resonances are associated with the dominant mode fields which inevitably exist, 
despite efforts to avoid their excitation, in the round wave-guide section. 

Any rotary joint may, obviously, be used as an oscillating joint merely by restricting its 

’ rotational amplitude. A simpler design, however, 
may be arrived at by applying the principles of the 
vertebral assembly of chokes and flanges described. 
in article 13. 

Two constructions of H-plane hinge joints are 
illustrated in Fig. 23. Again, the choke and flange 
connector is used as a basis of the design. Similar 
hinge joints of H-plane type are in use. 

The universal type joint of Fig. 24 is essentially 
a double hinging obtained by means of gimbals and 
suitable modifications of the choke-flange principle. 
Gimbal rings In this design, two chokes are opposed, rather than 

- choke and flange, in order to permit greater free- 
0.500"x 1.000°x 0.050” dom of motion without leakage of power from the 

wall brass tubing : et . 

openings around the joint. The antiresonance 
plugs, shown darkened, prevent trouble from reso- 
nances which are found to occur whenever two 
0.465" chokes are opposed. The same resonance trouble 
is found when wave guides are joined by opposing 
two chokes. 


0.065” minimum 
separation 


Conical surface 


anti-resonance plug 19. OTHER COMPONENTS 


The foregoing discussion is, of course, far from 
exhaustive. Space has permitted the inclusion of 
only a few designs representative of the types dis- 
cussed. In addition, several types of component 
have not been treated, even cursorily, because of 
space limitations. 

Among the more important omissions are the so- 
called T-R or duplexing components which permit 
the transmission of r-f power and the reception of 
, . r-f signals on the same wave-guide and antenna 
Fie. 24. ya ee Joint (Courtesy Mc- assembly. Still other circuits, which are con- 

raw-Hill Book Co.) 5 s 5 : q 
spicuously omitted, are the so-called mixer circuits 
in which received signals are mixed in suitable crystals or tubes with a local oscillator 
signal to generate the i-f signals supplied to the receiver. 

Those interested in pursuing these omitted items will find them described in the appro- 

priate volume of the M.I.T. Radiation Laboratory Series listed in the bibliography. 
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TRANSMISSION IN SPACE 


By J. C. Schelleng 


20. WAVE PROPAGATION AND GENERAL VIEW OF THE 
RADIO SPECTRUM 


Radio propagation is a special instance of the propagation of electromagnetic waves. 
As electromagnetic waves have so much in common with light, an understanding of radio 
propagation begins with an understanding of optics. Radio propagation provides ex- 
amples of most optical phenomena: interference, reflection, simple refraction and double 
refraction, diffraction, etc. Many of the standard formulas of optics can be carried over 
without change into the radio field. Although it is beyond the scope of this article to 
discuss these fundamental considerations, a few general principles will be mentioned. 

RADIATION AND TRANSMISSION IN FREE SPACE. Radiation of electromagnetic 
waves take place whenever an electrical charge is accelerated. The wave which is set up 
is transverse, its electrical field at any point being a vector perpendicular to the direction 
of transmission, lying in the plane specified by 
the direction of propagation and the direction 
of acceleration of charge, and measured in Magn. Field 
units of potential per unit of length in the 
direction of the field, e.g., microvolts per TA 
meter. When the space surrounding the A | 

Ud 
a 


a 


source is free of material, the electrical field is H ji 
propagated outward with the velocity of Nixy 
light, and at sufficiently great distances it is 

proportional to that component of the accel- YY 

eration which is parallel to the electric field at YY Y] 
the point in space under consideration (Fig. Mins 


1). These statements are true whether the Dir. of Current 

ei a 5 5 and Acceleration 
acceleration is sinusoidal or not. In radio of Charge 
communication, the accelerated charges are Rigel Vecton Relations in Radiation 
the electrons in the conductors of the an- 
tenna. For engineering purposes it is more convenient to use formulas involving quan- 
tities other than acceleration and charge. Thus, in free space, the electric field intensity, 


E, from a short electric dipole is 


Dir. of 
Propagation 


SS 
SS 


hI 
€ = 607 xd cos 8 (1) 


h, d, and » are the effective height, distance from doublet to measuring point and wave- 
length, all in the same unit of length (e.g., meters); € is in volts per unit length (e.g., per 
meter), and J is in amperes; see article 28, pp. 5-52. A convenient form for either electric 
or magnetic dipole is 


45P 
evs cos 0 (2) 


in which P is the radiated power in watts, and € and d are in the same units as for eq. (1). 
The field varies inversely with the distance. For an especially useful formula for the ratio 
of power picked up by a receiving antenna to that radiated from a distant transmitter, 
the conditions being those of free-space transmission, the reader is referred to Section 6, 
article 28, eq. (11). 

GROUND WAVE AND SKY WAVE. Two general modes of wave propagation are 
useful in radio communication: the grownd wave, which passes along the surface of the 
earth; and the sky wave, which, traveling at an angle with the surface, passes through the 
lower atmosphere, is reflected from the upper atmosphere, and is enabled in this way to 
return to the earth at a distant point. The ground wave is used over short distances; the 
sky wave, or ionospheric wave, is required for the longer spans. Intermediate ranges may 
involve either or both, depending on the frequency used, the time of day, and other 
circumstances. 

The reciprocity theorem of Lord Rayleigh, originally derived and widely used for 
electric-circuit analysis, has been shown by Carson and others to be true in cases involving 
radiation (B.S.T.J., April 1930, and earlier papers): It results from one form of this 
theorem that with certain limitations the efficiency of radio transmission in opposite direc- 
tions is the same, provided that the usual measures have been taken to match the generator 
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and load to the antennas, and that the path is free of elements which fail to act reciprocally 
by themselves. A one-way amplifier is an obvious example of such an element. Another 
example, less obvious, actually occurs in the upper atmosphere itself, namely, the ions 
which tend to spiral about the earth’s magnetic field in one direction but not in the other, 
thus producing a non-reciprocal element. As a result, strict reciprocity can be expected 
where the ground wave is concerned, but it becomes doubtful with the sky wave, and it 
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almost certainly fails where rotation of the plane of polarization (indicating a magnetic 
effect) is observed. Even in the last case, the averages of field (as opposed to instantaneous 
values) usually appear to be reciprocal, and this possibly is always true at the higher fre- 
quencies. 

POLARIZATION. For frequencies below 2000 ke vertical antennas are almost uni- 


GENERAL VIEW OF THE SPECTRUM. With respect to frequency, daylight propa- 
gation falls into natural divisions. These may be listed as follows: (1) low frequency, long 
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distances; (2) intermediate frequency, short and intermediate distances; (3) high frequency, 
all distances; (4) ultra-ionospheric frequency, short distances. Here we arbitrarily describe 
a short distance as one from zero to 100 miles, an intermediate distance as one from 100 to 
1000 miles, and a long distance as one greater than 1000 miles. Likewise, we usually think 
of a low frequency as one less than perhaps 500 ke. Physically, the characteristic that 
distinguishes a low frequency from a high frequency (3000 to 30,000 ke) is the low resis- 
tivity of the reflecting layer for the low frequencies. In fact, the ionosphere resembles a 
fair metallic reflector for waves of low frequencies. The wave of high frequency, on the 
other hand, sees in the layers of the upper atmosphere something like a reflecting plane of 
dielectric; the type of reflection which is most common is similar in many ways to the 
familiar optical phenomenon of total internal reflection. The intermediate frequencies 
form a transition range (500 to 3000 kc), which includes much ground-wave transmission 
over short and intermediate distances. Frequencies commonly designated as “ultra-high,” 
but which are better called ‘“‘ultra-ionospheric’” because they are not reflected by the 
ionosphere, are those greater than about 30,000 ke. At night the differences between iono- 
spheric waves of different frequencies are much less marked than by day. Waves having 
frequencies in excess of 1000 megacycles, more or less, are frequently called microwaves. 
See also Section 1, article 24. 

Figure 2 gives a typical overall view of the whole radio spectrum for distances from 100 
to 10,000 miles and for vertical antennas. Lines are drawn indicating the distance at 
which a radiated power of 1 kw would produce certain specified field strengths, e.g., 
1 wv per meter. Diagram a represents transmission conditions on a summer day; diagram 
b, those on a winter night. On winter days, the sky wave becomes generally stronger 
than on summer days. As a general rule, for a given distance the highest frequency that 
can be received by day (the skip frequency) is greater in winter than in summer; and the 
lowest (absorption limit) is lower in winter than in summer. At night lower frequencies 
are required in winter than in summer. Transmission in the high-frequency range is 
markedly affected by the changes accompanying the cycle of solar activity (e.g., sunspots) ; 
since the actual phenomena are too variable to be represented by so simple a chart as 
Fig. 2, the comprehensive data and predictions issued by the National Bureau of Standards 
(Central Radio Propagation Laboratory) may be consulted to advantage in cases of actual 
use. 


21. THE GROUND WAVE 


FREE-SPACE TRANSMISSION. Historically the propagation of the ground wave 
has been studied by examining idealized situations. The simplest of these is the field set 
up in free space by a simple doublet antenna., Equations (1) and (2) give the appropriate 
solution and apply accurately provided that the earth is known to be without effect and 
the air to be a uniform and lossless dielectric. These assumptions are not true in general. 

PROPAGATION OVER PERFECTLY CONDUCTING PLANE EARTH. Some situa- 
tions are taken care of by assuming the earth to be a homogeneous plane and then applying 
the standard principles of optics. This is particularly simple if the earth in effect has 
infinite conductivity. The solution is then merely the combination of a direct wave with a 
reflected wave virtually coming from the ‘‘image”’ of the antenna in the earth plane. With 
low antennas and infinite earth conductivity we are led to a simple and important relation 
pointed out at an early date by M. Abraham. For distances short enough not to violate 
the assumptions as to the effective flatness of the earth and negligible attenuation, a short 
vertical grounded antenna of effective height h produces a field strength & in the region 
about it equal to 


hI 
= a 3 
&) = 1207 a °°%8 ) (3) 
units as in (1). The formula corresponding to (2) is 
A 
& = a ae cos 8 . (4) 


The doubling of the numerical factor in passing from (1) to (3) merely expresses the fact 
that the field may be regarded as the sum of one field received directly and another by 
reflection from the image. Note, however, that (2) and (4) being expressed in terms of 
power instead of current have factors in the ratio of 1 to V2. Formulas (1) to (4) apply 
for distances greater than a few wavelengths. When the distance is of the order of 1 
wavelength or less, the term due to acceleration of charge is supplemented by terms due to 
velocity and position (proximity) of charge, but for most practical purposes these may be 
neglected for distances greater than 1 wavelength. Except in the immediate vicinity of 
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the antenna, the velocity of phase propagation is 2.998-10! cm per sec, the velocity of 
light in air. 

PROPAGATION ALONG A PERFECTLY CONDUCTING SPHERICAL EARTH. A 
next step beyond that represented by (4) is the propagation of a field from a vertical 
grounded antenna, located at the surface of a perfectly conducting earth which is spherical 
rather than plane. Watson’s solution [Proc. Roy. Soc. (A) Vol. 95, 83, 546 (1919)] is in 
the form of a series in which all but one term may be neglected at the greater distances. 
This term is as follows: 


Ma a 
& = 0.1136e ee £70.008764/,78 (5) 


where &p is the inverse distance field as given by (8) or (4), and d and ) are in kilometers, @ 


being measured along the surface. This formula holds when d/n4 > 160. For smaller 
distances, (3) or (4) applies. In (5), atmospheric refraction has been neglected. 

The following simple empirical formula based on Watson’s results and on calculations 
of other terms in his series carried out by C. R. Burrows can be used for distances less than 
about 5000 km: : 

€ = &(1 + 22)%e> (6) 


where z = 0.0035 d/n and d and ) are in kilometers. All these diffraction calculations 
assume that the density of the lower atmosphere is independent of height; atmospheric 
refraction is neglected. When the deviation of refractive index from that at ground level 
is a simple linear function of height, refraction has the same effect as increasing the size 
of the earth to a virtual radius which for average conditions is about 4/3 the actual radius. 


With refraction we have z = 0.0029d/ 4. It is not obvious which of these values should 
be used. Although the refraction effect is important at sea level, it must become small at 
heights of several miles. Perhaps the effect can be neglected at low frequencies. At higher 
frequencies experiments clearly show that it should be taken into account. 

TRANSMISSION ALONG AN IMPERFECTLY CONDUCTING PLANE EARTH. At 
distances shorter than those which give appreciable attenuation due to the shadow of the 
bulge of the earth, strong attenuation due to energy dissipation in the ground is found in 
many cases of importance in practice. Since the shadow effect is then unimportant, the 
solution of wave propagation over a plane of finite conductivity becomes applicable. The 
basic solution of this problem, due to A. Sommerfeld [Ann. der Physik, (4) Vol. 28, 665 
(1909)], has been extended by various investigators. Owing to finite earth conductivity 
the wave ceases to have the simple form contemplated in connection with eq. (8) for infinite 
conductivity, the inverse-distance attenuation of which represents a spherically expanding 
wave. The field strength at the surface decreases in intensity more rapidly than the 
inverse of distance, owing to the absorption of energy by the currents set up in the im- 
perfectly conducting earth. For the lower frequencies, an approximation due to van der 
Pol [Jahrbuch der Drahtloson, Vol. 37, No. 4, 152 (1931)] is useful. This is: 

(2 + 0.39) 


com S8d (OME SEO.6p) (7) 


where € is the inverse-distance field given by (3) or (4) and 
aw 10545 
6 on 

o is the conductivity in emu units and varies from 1 to 4 X 10— for sea water to 1075 for 
very broken land; d and } are expressed in kilometers; p is the ‘‘numerical distance’”’ of 
Sommerfeld. Note that according to (7) the field varies inversely as the first power of 
distance near the transmitter and inversely as the square of the distance for p > 20. Also 
note that, since \ and o enter only as the product o)’, the field strength remains unaltered 
when the wavelength is decreased by a factor, provided that the conductivity is simulta- 
neously increased by the square of that factor. Equation (7) holds only so long as the di- 
electric currents in the earth remain negligible compared with the conduction currents. 
This is insured if the frequency in kilocycles is very low compared with 1.8 X 1078 ¢/K, K 
being the dielectric constant of the ground. Numerically, the frequency should be con- 
siderably lower, for sea water, than 10° ke; for land, than 104 ke; and for fresh water, than 
250 ke, the figure depending on the ground constants, which differ from place to place and 
to some extent with temperature. 

An interesting characteristic of waves traveling along an imperfect conductor, first dis- 
cussed by J. Zenneck [Ann. der Physik, (4) Vol. 23, 846 (1907)], is that parallel to the sur- 
face there is a longitudinal component of electric field, that is, one extending in the direction 
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of propagation. Its amplitude and phase depend on the resistivity and dielectric constant 
of the ground, the phenomenon being very different over fresh water, sea water, moist 


ground, and dry ground. Its 
amplitude is zero for perfect 
conductivity and increases as 
the conductivity decreases. 
The phase of this component 
in general differs from that of 
the vertical component so 
that in the vertical plane the 
wave exhibits elliptical polari- 
zation. By Poynting’s the- 
orem the existence of this 
component is a necessary ac- 
companiment of energy loss 
in the ground. The phenom- 
enon is of importance in the 
design of wave antennas, 
which depend for their effec- 
tiveness entirely on this hori- 
zontal component. [See 
“‘Wireless Waves at the 
Earth’s Surface” by G. W. O. 
Howe, Wireless Engineer, Vol. 
17, 385 (September 1940).] 

IMPERFECTLY CON- 
DUCTING SPHERE. A still 
closer approximation to ac- 
tual conditions is afforded by 
the assumptions that geomet- 
rically the earth is a perfect 
sphere (i.e., that local irregu- 
larities may be ignored) and 
that electrically over any 
given path it has uniform con- 
ductivity and specific induc- 
tive capacity. As to refrac- 
tion in the atmosphere, the 
assumption made above in 
connection with a perfectly 
conducting sphere is repeated. 
Though these assumptions 
still describe a somewhat ide- 
alized picture, they neverthe- 
less represent a large step in 
the direction of realism, a dif- 
ficult and important mathe- 
matical task which has been 
successfully accomplished by 
the combined labors of several 
investigators, including Balth 
van der Pol. Excellent sum- 
maries, including bibliogra- 
phies, have been given by C. 
R. Burrows and M. C. Gray 
[Proc. I.R.E., Vol. 29, No. 1, 
16 (January 1941)] and by K. 
A. Norton [Proc. I.R.E., Vol. 
29, No. 12, 623 (December 
1941)]. Figures 3, 4, and 5 
are based on the paper of 
Burrows and Gray. 

Figure 3 gives theoretical 
field strengths between two 
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Fia. 38. Field Along Imperfectly Conducting Spherical Earth, with 

4/3 Earth-radius. Short vertical antenna at ground level, measure- 

ment at ground level, for sea-water ¢ = 4 X 10-1! emu, « = 80; 

good soil ¢ = 2 X 10-13 emu, « = 30; poor soil ¢ = 10-14 emu, 
e = 4, 1 kw radiated (Courtesy Proc. I.R.E.) 


points on the surface of the earth when vertical polarization is used. ‘‘Standard refraction” 
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conditions (4/3 earth radius) are assumed to occur over a sufficient depth of atmosphere to 
produce bending at all 

Veioal frequencies, a postulate 

polarizatio frequently made which 
Good soi! might, however, prop- 
erly be questioned with 
reference to the lower 
frequencies shown, since 
with them transmission 
to the longer distances 
involves at intermediate 
points regions which are 
far above the earth’s 
1, Bedi ft surface and at which the 


Bedi rate of decrease of re- 
t 


| F fractive index with 


height is no longer com- 
parable with that at the 

surface. The legend of 
; i ai Bo the figure gives the soil 
constants assumed in 
the calculation. Impor- 
tant features of the 
curve are the “inverse- 
distance’’ tendency at 
the upper left corners as 
in the approximation of 
eq. (4), the rapid drop 
due to failing diffraction 


5 10 20 30 50 100 200 at the lower right as sug- 

Antenna height in feet gested by eq. (5), and 

Fie. 4. Fields at 150 Me as a Function of Height of Transmitter and the Ver ee eS of 
Receiver, Good Soil (Courtesy Proc. I.R.E.) distance in between as 


indicated by eq. (7) (for 
p > 20). A useful series of calculations along these general lines (K. A. Norton) is included 
in “Standards of Good Engineering Practice Concerning Standard Broadcast Stations,”’ 
issued by the Federal Communi- 
cations Commission, for sale by 
the Superintendent of Docu- 
ments, Washington 25, D. C. 
This document also gives com- 80 
prehensive information of the 
ground conductivities pertinent 
in this frequency range in the 
form of a United States map. 
Figure 4 illustrates propaga- 
tion from one point on or near the 
ground to another at heights from 
zero to 40,000 ft above it for the 
special case of 150 megacycles. 
If the transmitting antenna (ver- 
tical polarization) is on the 
ground, the upper graph gives the 
calculated field directly. The 
lower graph gives the correction 
to be added if the antenna is ele- 0 
vated not more than 200 ft. The 
increase which accompanies the 
elevation of the receiver, and the 


100 


ical polarization 


60 


40 


20 


Decibels above 14 v/meter 


inevitable failure of diffraction at —20 
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greater distances, are striking Distancennimilas 
features of the graph. Fie. 5. Fields at 150 Mc and 10,000 Ft. as a Function of 
Figure 5 exemplifies for fixed Ground and Polarization (Courtesy Proc. I.R.E.) 


antenna heights and fixed fre- 
quency how the field depends on the underlying ground and on the polarization. Note the 
insensitiveness of horizontal polarization to ground constants. 
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ULTRA-IONOSPHERIC RANGE. This is the range of frequencies higher than those 
capable of reflection by the ionized upper atmosphere. The dividing frequency is not at 
all sharp or constant but is of the order of 30 megacycles. Ultra-ionospheric waves whose 
length is short enough for the practical application of quasi-optical techniques such as the 
use of parabolic reflectors and lenses have been called ‘‘microwaves,” and here an equally 
hazy division might be placed somewhere near 1000 megacycles. 

Although the absence of reflection of ultra-ionospheric waves might hypothetically be 
accounted for by their penetration into a region where they are dissipated by absorption 
before being freed by reflection, three experiments now indicate actual passage through 
the ionosphere into interstellar space. In chronological order these are the detection of 
galactic noise by K. Jansky (and the subsequent mapping of the Milky Way by Grote 
Reber), the measurement of thermal radiation from the sun by G. C. Southworth 
[J. Franklin Inst., Vol. 239, No. 4, 285 (April 1945)], and the dramatic ‘‘detection and 
ranging”’ of the moon by radar reported by DeWitt et al. [J. Mofenson, ‘‘Radar Echoes 
from the Moon,” Electronics, Vol. 19, No. 4, 92-98 (April 1946)]. These experiments 
strongly suggest inadequacy of ionization as the reason for absence of reflections. 

Qualitatively propagation in this range strikingly resembles the familiar phenomena of 
light. Radio ‘‘vision”’ tends to be limited to the optical line of sight, though diffraction 
actually extends coverage considerably beyond obstructions, such as hills or the bulge of 
the earth, except for extremely high radio frequencies. The earth (land or water) for many 
purposes may’ be regarded as an example of Lloyd’s mirror, the ground-located receiver 
tending to be in the first dark fringe produced by reflection. Refraction tends to make the 
distant station ‘‘visible,’’ just as it reveals the sun a few minutes before sunrise, and it pro- 
duces variations and anomalies which correspond to the twinkling of stars and to the 
mirage. The comparison might be extended to other phenomena. 

The effect of regular reflection is must pronounced in the meter range, though even in 
the centimeter range cleared land or water may make a good “‘mirror’’ for glancing inci- 
dence. In such cases reflection may be calculated as to amplitude and phase by means of 
standard optical formulas provided that an equivalent conductivity and dielectric constant 
are known. [P. O. Pederson, The Propagation of Radio Waves, Copenhagen, 1927; C. B. 
Feldman, ‘‘The Optical Behavior of the Ground for Short Radio Waves,’’ Proc. I.R.E., 
Vol. 21, No. 6, 764 (June 1933); Barfield, J. J.H.E., Vol. 75, No. 452, 214 (1934); R. L. 
Smith-Rose, J. J.H#.H., Vol. 75, No. 452, 221 (1934).] As has already been implied, though 
reflection has a favorable effect with long waves of vertical polarization, causing the factor 
of 2 which differentiates eq. (3) from (1), in this range it is commonly unfavorable owing 
to the phase of the reflection coefficient caused by the predominance of dielectric currents 
in the ground at these ultra-high frequencies. The effect of reflection need not be unfavor- 
able, however, if one or both of the terminals is located at a sufficient altitude. At high 
enough altitudes a regular succession of maxima and minima is encountered, whose posi- 
tion and amplitudes may be calculated from the amplitude and phase of reflection. 

In the microwave range caution is necessary in applying the concept of reflection. Here 
one may not always regard the earth as the smooth and abrupt boundary between materials 
described simply by their conductivities and specific inductive capacities. Reflection is 
not always specular but is very likely to be diffuse, as the success of radar mapping proves. 
One should not ignore even here, however, the strong tendency toward specular reflection 
that glancing incidence imparts to the scattering from a rough surface. 

Simple plane-wave reflection theory leads to a useful relationship which has been ob- 
served to hold with fair consistency in the range from 3 to 10 meters and even in the 
microwave region if the warning in the last paragraph does not apply. Over level land or 
over fresh water with vertical or horizontal antennas, and over sea water with horizontal 


antennas, the received field is: 
VP Wie 


© = 127 V5 i nas oe volts per meter (8) 


the radiated power P being in watts, and d, Hi, H2, and \in meters. H, and Hare altitudes 
above the general reflecting area, be it ocean, valley floor, or plain. This equation is 
obtained by multiplying the free-space field of eq. (2) by 4%HiH»2/Xd, a procedure justified 
if H,H2/)d is less than 0.1 provided that the reflecting coefficient of the ground is near 
unity for the grazing incidence involved.. -The usefulness of eq. (8) is not limited to trans- 
mission over plane earth, as assumed in its derivation, but roughly applies also over 
spherical earth for transmission below the line of slight when 3 meters < ’ < 10 meters, 
3 meters < H < 25 meters, 1 km <d < 50 km. In this extended range (8) is to be 
regarded as an empirical formula whose range of validity has not yet been determined. 
When terminals are located on hills, with a level valley between, this formula needs a 
correction factor due to ground reflections local to the terminals. 


10-36 TRANSMISSION CIRCUITS 


An interesting extension of eq. (8), valid within the same limitations, is obtained 
analogously to eq. (13) in the section on radio antennas. If Gr and Gz are the power gains 
of the antennas (in terms of an “isotropic radiator’), and Pr and Pr the powers trans- 
mitted and received, it can be shown that 


Pr any 


— = G7rGr (8a) 


Pr a 
Note that power received is independent of frequency. If the antennas are short doublets, 
G = 1.5. (K. Bullington, Proc. I.R.E., 1947.) 

With vertical antennas over sea water, but otherwise with conditions specified above, 
an approximate inverse-square-of-distance variation has been found up to 30 or 40 km, 
with the important difference that propagation became poorer as the frequency was raised. 
This is in accord with simple optical theory, due account being taken of the electrical 
constants of sea water. Equation (8) therefore does not apply here, though it does for 
horizontal antennas over sea water. 

Since diffraction extends the range beyond obstacles it is a favorable factor. Ignoring 
diffraction and refraction we could at most transmit only to points above the line of sight. 


The range would then be limited to D = 3500(/ A; + V Hp), all distances being in meters. 
Within this range eq. (8) is applicable unless the antennas are too high, with qualifications 
already mentioned. Note that line of sight does not at all guarantee the free-space field 
strength. 

It is possible to make instructive calculations of the fields behind obstructions, such as 
hills, by application of the standard mathematical theory of diffraction. Thus, the be- 
havior of a knife edge in the familiar optical example becomes a guide in radio transmission 
past obstacles. In a radio problem, in order to obtain a reasonable estimate of this kind, 
the effect of ground reflection at the transmitter and at the receiver needs to be taken into 
account. 

If the index of refraction of air is calculated as a function of height from average meteor- 
ological conditions [Humphreys, Physics of the Air, McGraw-Hill (1940), p. 80], the gradual 
decrease of index leads to a ‘‘standard”’ or ‘‘normal” condition which can be taken into 
account in a simple manner. Such calculations and theoretical considerations indicate 
that, if the topographic cross-section of the path is plotted as though the earth had a 
radius 4/3 times its actual radius, the solution of the corresponding problem assuming a 
uniform refractive index is also the solution for the actual problem including the effect of 
refraction. We have already had occasion to use this method above in the ‘‘spherical 
earth” problem. In dealing with microwaves, however, this simplication will be misleading 
if the possibility of many other distributions of refractive index is forgotten. 

In connection with the foregoing topics, reference may be made to articles in Proc. I.R.E., 
Vol. 21, No. 3 (March 1933), by Jones (p. 349); Trevor and Carter (p. 387); Schelleng, 
Burrows, and Ferrell (p. 427); and Englund, Crawford, and Mumford (p. 464); also Eng- 
lund, Crawford, and Mumford, B.S.T.J., Vol. 14, No. 3, 369 (July 1935). 

At shorter wavelengths refractive variations within a small range of height may become 
important because the wave in traveling between two points occupies only a small fraction 
of a kilometer (that is, the necessary Fresnel zones are now included in a small transverse 
area). It results, for example, that such waves may be trapped beneath a level of minimum 
refractive index and may travel unusually long distances, and that under other conditions 
they may unexpectedly fail over short ones. 

Refraction theory as applied to extremely short waves has led to the use of a modified 
refractive index of the air, M, as a function of height, h. If the actual index as ordinarily 
used is n(h) and the radius of the earth is a, the definition M - 10° = n(h) —1+h/a 
leads to the same solution with an assumed flat earth that the actual index leads to with 
curved earth, the scale factor 10~* being used for numerical convenience. 

Just as short waves are ‘‘bent down” by the ionosphere because its refractive index 
decreases with height—that is, the phase velocity increases with height—so in the tropo- 
sphere a decrease in modified index will tend to confine microwaves beneath it. Indeed, 
if meteorological conditions are such as to give a maximum index at a certain level with 
progressively smaller values above and below, one would on ray theory expect the ray in 
its horizontal passage to undergo consecutive upward and downward bendings about the 
level of maximum index (minimum velocity). Similarly the wave might be confined be- 
tween an index which decreases with height and the reflecting floor of the ocean (or perhaps 
of land). Such phenomena do occur, and their importance is that they may lead to ab- 
normally high or abnormally low fields. The reason for the strong fields is that cylindrical 
rather than spherical expansion causes a slower decrease with distance, i.e., increased 
range horizontally. The phenomena resulting are likely to be complicated and variable, 
though on the other hand such ‘‘anomalies’”” may be so consistent as to be the normal 
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condition, [9 cm and 3 cm Propagation in Low Ocean Ducts’? by M. Katzin, R. W. 
Bauchman, and Wm. Binnian, Dept. of Com., Office of the Publication Board, Report 
PB 13747 (1945); ‘‘Wave Theoretical Interpretation of Propagation in Low Level Ocean 
Ducts” by C. L. Pekeris, Dept. of Com., Office of the Publication Board, Report PB 
20228.] Another way of looking at these ducts is to use wave guide concepts: in fact, a 
duct is a wave guide with many modes of propagation which are excited to different extents 
depending on the elevation of the transmitter with reference to that of the duct. The 
second article cited discusses the subject from that point of view. For a summary of the 
war work dealing with the various aspects of this problem see Radio Wave Propagation, 
Consolidated Summary Technical Report of the Committee on Propagation, by Burrows and 
Attwood, Academic Press, New York. 

With wavelengths longer than 10 cm the absorption of energy from the wave due to 
the atmosphere itself is not important for practical purposes, but with shorter waves at 
least three known mecharisms may have to be considered. Water in the liquid or solid 
phase (e.g., rainfall) is one of these that can become very serious at wavelengths of a 
centimeter or two. The loss depends on the total water per unit volume and on the size 
of drop or particle and is due to scattering. Although this is harmful to radio transmission, 
the phenomenon is being utilized by meteorologists in the detection and location of storm 
areas by means of radar. In the vapor phase, water has its longest wave resonance at 1.3 
cm, so that near this wavelength high absorption is to be expected and is found for high 
humidities. Oxygen has its first resonance absorption at 0.5 cm. 

Directional properties of tropospheric waves have been studied at a wavelength 3.25 
em by W. M. Sharpless, and at 1.25 em by A. B. Crawford and W. M. Sharpless, Proc. 
I.R.E., Vol. 34, No. 11, 837-848. Deviations in azimuth were found to be at most of the 
order of 0.1°. Although in elevation the deviations were several times as great as this, 
they were never large. Fading about the free-space field strength was observed, and at 
times the field exceeded this by a factor of 4 (12 db). At times there were multiple waves 
coming in from slightly different directions, the variations of which produced fading. 
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THE IONOSPHERE. Whereas for most radio services up to a few hundred miles 
transmission depends on the direct ground wave, for all long distances successful transmis- 
sion depends on the existence of a ‘‘ceiling’’ in the upper:atmosphere which, by returning 
to the earth the outgoing waves, lays down a useful signal at distant points where the 
ground wave is negligible. Even the longest waves used in radio communication depend 
on such “‘sky waves” for distances beyond a thousand miles or two. In this section we 
shall describe present views of this ceiling, the common name for which is the “‘ionosphere,”’ 
formerly called the ‘‘Kennelly-Heaviside layer.’”’” The first suggestion that an electrically 
conducting region exists in the upper atmosphere was made by Balfour Stewart to explain 
variations in the magnetic field of the earth. Kennelly and Heaviside were the first to 
see the necessity of such a region for explaining radio transmission phenomena. 

At sea level, the atmosphere is scarcely conducting at all, but as the elevation is in- 
creased the conductivity increases owing to an increase in the number of ions in unit 
volume. This ionic density increases both because the major sources of ionization are 
outside the earth and because, at the lower pressures encountered, the ions last longer 
before recombination neutralizes them electrically. Heavy ions (e.g., ionized molecules) 
have much less effect on radio waves than electrons. Electrons are known to exist in 
sufficient quantity in the upper atmosphere to produce most of the effect observed, but 
the radio effects of heavy ions have not as yet been definitely identified. The number and 
distribution of these ions depend on various factors, including altitude, geographical and 
geomagnetic latitude, local time, time of year, and solar activity (e.g., sunspots). The varia- 
tion with altitude is very important. It has been found that the increase with altitude is 
not at all uniform and simple, but that there are regions where the density attains, or 
tends to attain, maximum values. Although methods thus far devised are not suited for 
studying those levels above the maxima where the density may actually decrease with 
height, it is probable that one or more of such decreases actually occur. These levels of 
maximum (or tendencies thereto), frequently called “layers,” are illustrated in Fig. 6. 
The maximum occurring somewhat above 100 km is known as the # layer, and those 
above 160 km as the F' layers, names which will perhaps be superseded when the mecha- 
nism of their production is explained. It is fairly definitely known that ultraviolet light 
from the sun is an important source of ionization, particularly in the H region and in one 
region of the F layer. This leads to the large differences between the day and night 
behavior of radio waves, in particular to phenomena occurring at sunrise and sunset. 
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Another cause of ionization is particles from the sun, which most authorities regard as 
the radiation by which solar disturbances communicate the major disturbing effects to the 
earth. These are in particular thought to be the cause of the absorbing “‘clouds’’ which 
seem to form in polar regions beneath the E layer and hinder short-wave transmission 
during magnetic storms. The distribution of ionization changes with time, and Fig. 6 is 
to be regarded merely~as typical. Tendencies toward maxima come and go, and both 
the # and F regions seem to be composites of two or more layers. The £ layer is the most 
consistent and is the most important one in the broadcast band (1500 ke and lower) and 
at lower frequencies. For 
these lower frequencies, the 
waves do not ordinarily pene- 
trate higher than the # layer. 
For the lowest frequencies it is 
not known whether reflection 
occurs at the # layer or at 
some lower level, there being 
some evidence that the height 
is 80 or 90 km. The F region 
is of most importance for the 
short waves, particularly over 
longer distances, but the H 
region also contributes com- 
ponents to the signal, which is 
usually very complex. 
0 0.5x10° ; 10° The most fruitful method 
Electrons per Cubic Centimeter of studying these regions has 


Fra. 6. Cone eee of oe a ie Uppe ese been the pulse or echo method 

The D region is the ionosphere ow m, the F region is the of Breit and Tuve [Phys. Rev 
he E regi is th t; hi z ae 

part above 160 km, and the tEewon is the part between these (II) Vol. 28, 554 (1926)], in 


Height in Kilometers 


which a very short-wave train 
of a given frequency is radiated upwards and the times required for various reflections to 
be returned are obtained with an oscillograph, preferably of the cathode-ray type. These 
times may be converted into virtual heights of the reflecting layer by assuming the pulse 
to travel with the velocity of light. This method of “radio detection and ranging”’ is in 
fact one of the forerunners of radar. Actually, the pulse travels with a slower group 
velocity than this while in the ionized region, but as a result of making measurements at 
several frequencies it is often found that the virtual height within limits is nearly independ- 
ent of frequency, and for such frequencies the actual cannot be very different from the 
virtual height. Transmission through the ionized region is complicated by the earth’s 
magnetic field, which makes of it a doubly refracting medium in which the wave is broken 
into two components of different polarization traveling with different velocities. It is 
this characteristic which has led to the identification of the electron as the active ion. The 
magnetic field leads to complications in practical communication by causing rotations in 
the plane of polarization, leading to one type of fading (see later section on fading) and to 
errors in direction finding with loop aerials. 

It is natural to suppose that the electrical characteristics of the ionized region are linear, 
so that different disturbances may be superposed without interaction. Evidence has 
been found, however, that this is not invariably true [B. D. H. Tellegen, Nature, p. 840 
(June 10, 1933)]. If two broadcasting stations of high power operate on entirely different 
wavelengths and are separated by some hundred kilometers, modulation originally im- 
pressed on one has been found under certain conditions to have been transferred to the 
wave of the second. This indicates that the ionosphere does not have strictly linear char- 
acteristics. It is called the Luxemburg effect. 

For detailed information on the ionosphere, and for bibliographic references, the follow- 
ing may be of interest: E. V. Appleton, Inst. E.H. (London), Vol. 7 (September 1932); 
Kirby, Berkner, and Stuart, Proc. I.R.E., Vol. 22, No. 4, 481 (April 1934); Schafer and 
Goodall, Nature, June 3 and Sept. 30, 1933; Dellinger, Trans. A.IJ.E.E., Supplement, 
Vol. 58, 803 (1939); Darrow, Bell Sys. Tech. J., Vol. 19, No. 3, 455 (July 1940). 

SEKY-WAVE PROPAGATION. It is the general belief that waves which travel long 
distances do so by means of multiple reflections, although the suggestion has been made 
that short waves (e.g., frequencies above 3000 ke) do so in a single step. Thus, in Fig. 7 
a wave is conceived to travel from A to B by three reflections from the E region (3), or 
by two from the F region (2). The single-step path is represented by curve 1. If at each 
ionospheric reflection double refraction due to the earth’s magnetic field were to occur, 
for the two-reflection wave not one but four (2?) components might be found, and for the 
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three-reflection mechanism, eight. Whether the complexity is thus explained or not, it is 
a fact that the received wave is frequently very complicated. As Fig. 7 suggests, there is 
wide diversity among components in their angles of elevation. In general, however, for 
all these paths, the received energy arrives with a downward component of velocity. This 
is of great importance in practice, since the mode of transmission places important direc- 
tional requirements on the antennas at the two terminals. In the horizontal plane, radio 
waves as a general thing travel along the great circle defined by the locations of the 
terminals. Consequently, the waves on arrival are usually directed approximately along 


Fie. 7. Sky-wave Propagation according to the Ray Theory 


the true bearing of the transmitter, regardless of frequency range. Small variations and 
differences exist in azimuth, with occasional large ones. See Friis, Feldman, and Sharpless, 
Proc. I.R.E., Vol. 22, No. 1, 47 (January 1934); Friis and Feldman, Proc. I.R.E., Vol. 25, 
No. 7, 841 (July 1937). 

LOW FREQUENCIES (LONG WAVES). Among the chief characteristics here are: 
(1) at a given frequency, the diurnal variation of the field and the difference between day 
and night attenuation; (2) by day, the greater attenuation at the higher frequencies; (3) 
by night, the relatively low attenuation and the relative independence of attenuation on 
frequency; (4) seasonal variations; (5) propagation substantially along the great-circle 
path and the departure and arrival in a substantially horizontal direction; and (6) the 
practical absence of fading. 

Typical diurnal variations of field strength from American transatlantic long-wave 
stations as received in England are shown in Fig. 8, which is reproduced from Espenschied, 
Anderson, and Bailey, Proc. I.R.E., Vol. 14, 
No. 1, 7 (February 1926). The times when | 
the path is entirely in daylight, entirely in | | 
darkness, and partially in each are shown by 
the shading in the strip at the bottom. WQL 

Both seasonal variations and diurnal varia- 100 
tions are brought about by the changing posi- 
tion of the path relative to the hemisphere 50 [WSO fi 
jlluminated by the sun. In the summer, the ab/Ooleyeles 
duration of the daylight transmission phe- 
nomena is naturally longer than in the winter 
on account of the longer days. It is this 
change in the lengths of the day and night 
periods which is the most striking feature of 
the seasonal variation, rather than any 
change in the strength of signal. When the 
entire path is illuminated by the sun, or when 
the entire path is in darkness, the character- 
istic day or night phenomena are observed. 
When the path is half illuminated, half dark- 
ened, a characteristic minimum may be found ¢ , ;}43-3-4-@-@ 1012246 B10 12 
in the diurnal curve. This is illustrated in SS I LIILILL, SINT 
Fig. 8, which shows a pronounced minimum §-S.T. 7 9 11 es Seog Olle <7 wd 
occurring near sunset in the 57,000-cycle curve. Fie. 8 Di 1 Cha yeas ' t; : r 

It is evident that the field to be obtained at : awaheicssiis dats thesatee Pebeetiones a 
any time cannot be predicted by any simple 
formula, but if precision is not required it is possible to determine its order of magnitude 
for the night and for the day condition. Very roughly, the midnight field in long-distance 
transmission has an average of the order one-fifth the inverse-distance value. By day, 
the fields are more consistent and the average values are indicated by the Austin-Cohen 


formula, ee oe 
= qed: ets x 108°" (9) 
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where & is given by (3) or (4), 6 in radians is the angle subtended at the center of earth 
by the path, D is in kilometers, and f is in kilocycles and is less than 1000 ke. These con- 
stants were suggested by Austin in 1926 [Proc. I.R.E., Vol. 14, No. 3, 377 (June 1926)] in 
order to make the formula more nearly universal for daytime transmission than the original 
formula, in which the exponent was —87 X 10 *Df®-> A convenient form is 


ae .6 
=3x 10s VE. ape » ent x 10 8DF* (10) 


sin 0 


in which P is radiated power in kilowatts and # is in microvolts per meter. The difficulty 
of expressing transmission data in this simple and usable form is brought out by the fact 
that in one part of the frequency range covered, namely from 17 to 60 ke, data received 
in transatlantic transmission are better represented when the exponential factor is modified 


tonemecs a es {Espenschied, Anderson, and Bailey, Proc. 1.R.E., Vol. 14, No. 1, 7 (Feb- 
ruary 1926)]. 
Effects accompanying magnetic storms, and secular variation, are discussed under 
“Solar Disturbances” in article 23. 
INTERMEDIATE FREQUENCY. As indicated in Fig. 2, the daytime field of the 
sky wave in this range, broadly speaking, is attenuated beyond the possibility of usefulness. 
Apparently enough ultra- 


1 . ; Teta Intenbity violet light from the sun 
0.5 —— (Cone the second penetrates to levels of the 
hour aftér eae the order of 100 km to maintain 

0.2 pecoud) ngistavis: an absorbing stratum of 
jonization in spite of rela- 

oe Inverse distances _ tively rapid recombination. 
100 mv/m at 1 mile p 

0-05 : Near sunset, however, this 

i” cloud disappears, permit- 

C02 [| Field Intensity exceeded ting a considerable reflection 
5% of the time to distant points on the 


ground during the night. 


illivolts per meter 
° 
° 
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0.005 There is still absorption, 
10% and it is variable as Fig. 9 

Osco | 0%) shows, but propagation to 
0.001 50% long distances is ordinarily 
0.0005 Ir 20% | possible. (See Standards of 
’ 40%] Good Engineering Practice, 
0.0002 = loc. cit., from which Fig. 9 is 
oak 25% reproduced.) Note that 
xO 400 800 1200 1600 2000 2400 2800 this figure is reasonably con- 
Miles sistent with the value one- 

Fic. 9. Night-time Field Strengths from 250 to 2700 Miles (F.C.C. fifth of inverse-distance field 
Data) mentioned in the preceding 


section for low frequencies. 
To a first approximation night-time transmission in this range is independent of fre- 
quency. 

HIGH FREQUENCIES (SHORT WAVES). In contrast with the low-frequency range 
discussed above, there is a range of frequencies above approximately 3000 ke in which 
daylight sky wave transmission improves with increasing frequency, though this trend is 
subsequently reversed. This short-wave range is limited at the high-frequency end by 
the inadequacy of electrons per unit volume of the ionosphere. The limiting frequency 
in the daytime is not very different from 30,000 ke (10 meters). Both limits are variable, 
and the figures given are somewhat arbitrary. Among the chief characteristics of trans- 
mission in this range are: (1) the diurnal variation of field strength and the prominence of 
day-to-day fluctuations; (2) the greater distances of transmission obtained with the higher 
frequencies, especially by day; (3) the ‘“‘skip”’ effect, or the existence of a region about the 
transmitter in which the direct wave is absent owing to attenuation of the ground wave, 
and the sky wave, if present at all, is weak and erratic owing to electron limitation; (4) 
habitual fading, sometimes of extreme rapidity, and the common occurrence of selective 
fading; (5) the necessity in most cases for more than one frequency for 24-hour service; 
(6) the great reduction of field strength in northern and southern latitudes concomitant 
with magnetic storms and, by contrast, the absence of a pronounced effect in equatorial 
regions, and other phenomena haying a solar origin; (7) a secular variation following the 
ll-year sunspot cycle; (8) great-circle transmission and a wide variety of angles in the 
vertical plane. 
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Diurnal Variation. 
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Typical diurnal variations are shown in Fig. 10, which depicts the 


changes occurring in a 24-hour interval over a path between Deal, N. J., and New South- 


gate, England, the radiated power being 1 kw. 
the higher frequencies by day and of the lower by night. 


mediate frequency also is shown (10.55 
mec). Day-to-day variations are more 
pronounced on such intermediate frequen- 
cies than for either higher or lower fre- 
quencies. On some days the intermediate 
frequency transmission may resemble the 
lower frequencies, on others the higher. 

Variation with Distance. For a given 
distance, the transmission conditions de- 
pend on the geographical latitude of the 
stations and to some extent on the geo- 
magnetic latitudes, the difference in longi- 
tude, the time of the day, the time of the 
year, and the time in the solar cycle. Fig- 
ure 2 will serve as an approximate indica- 
tion of the frequencies suitable for various 
distances for day and for night. The 
curves were based largely on data ob- 
tained during the years 1926 to 19380, a 
period which included a sunspot maxi- 
mum. In general, the frequency required 
is higher the lower the latitude, the nearer 
the time to noon at the midpoint of the 
path, and the nearer to the secular sun- 
spot maximum. In the winter the maxi- 
mum usable (MUF) frequency for mid- 
day is greater than in summer, but the 
lowest usable high frequency (LUHF) is 
lower. In a diurnal curve, the character- 
istic day and night conditions are obtained 
for a longer period the more uniform the 
conditions along the path. Thus, a north- 
south path has a more abrupt change from 
day to night conditions than an east-west 
path, and the transition condition is of 
shorter duration. This transition period 
is relatively difficult because no single fre- 
quency can be best adapted to both the 
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Fie. 10. Diurnal Characteristics of High Frequencies 
in Transatlantic Propagation 


day and night portions of the path. Hence, long east-west paths tend to be more difficult 
than north-south paths. Usually, a day frequency gives a weaker field by day than a night 


frequency does by night. 


The variation of best frequency with secular magnetic change 
is exemplified by transatlantic paths such as that from New York to London. 


During 
the sunspot maximum of 1930, the 
best daytime frequency was about 


& Saxe 18,000 kc, whereas, during the 
SOXCWMM MVWALSKEMHK OWN VV OHHH gy 4gg4yg gq» jT , ’ , 
SMAAN NST ALS SAN WSR S SIN QNIMAKAS NS: ie 6 
RA AQ WAGED’ MAA AAA minimum which followed, the best 
RARE) was under 15,000 ke. (See later 
| discussion under ‘Maximum and 
Anny Strong Total Minimum Usable High Frequen- 
Angle N32 Reflection cies.”’ 
Incid re fj a 
Raves The Skip Effect. This effect is 
4 —_________ Ground Wave Absorbed in many ways analogous to the 
‘Khe Zo YZ ¥/ phenomenon of total reflection in 


Skip Distance 
Transmitter 


Fie. 11. 
Reflection 


The Skip Distance as a Phenomenon of Total 


optics. A light wave (Fig. 11) 
passing from one medium of dielec- 
tric constant me into another of 
smaller dielectric constant 7 is 


subject to reflection at all angles if the change in dielectric constant is abrupt, and to total re- 
flection for angles of incidence greater than YW = sin! /m2. In radio, the type of reflection 
resembling total reflection is believed to be the more important, since the change in dielec- 
tric constant is gradual. For large angles of incidence (incident ray approaching the hori- 
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zontal) the wave may be reflected to a great distance, but for angles less than the critical 
angle W (closer approach to the vertical) the wave may pass through without substantial re- 
flection. Although the radio problem is more complex than that of the optical illustration 
owing to the gradualness of the change in refractive index brought about by the gradual 
change in ionic density, in both cases the strong wave of total reflection is absent at the 
smaller angles of incidence. Since the index, mz, of air at sea level is unity, waves incident at 
the ionosphere at an angle less than sin"! m pass through. m is to be taken as the index of 
the ionized region at the altitude of maximum ionic density (minimum refractive index), 
and, since it is a function of frequency, time, and other factors, the skip distance is a func- 
tion of the same factors. Figure 2 shows approximate values of skip distances, obtained 
experimentally, for day and night conditions as a function of frequency. [Taylor and 
Hulburt, Phys. Rev., Vol. 27, 189 (February 1926).] 

Directions of Departure and Arrival. For a single wave component, this direction can 
be expressed by two angles. One is that in the horizontal plane and can be given either 
in terms of true north or as deviations from the great circle containing the transmitter. 
The other is the angle in the vertical plane and is usually given as the angle between the 
ray and the horizontal plane. 

In the horizontal plane, the direction of arrival does not ordinarily deviate markedly 
from the great circle, deviations greater than a few degrees being unusual. 

In the vertical plane, the angle with the horizontal may be anywhere in the range from 
0° to 90°, depending on conditions in the ionosphere, distance between stations, and fre- 
quency. In general, as constructions such as that of Fig. 7 would indicate, the angle for 
short pathsis high. For long distances, the angles tend to be small. Thus, in transatlantic 
communication, angles from 10° to 20° are common. Angles as low as 8° and as high as 
38° have been measured. The average seems to be not far from 15°. On the other hand, 
signals received near New York from Buenos Aires commonly arrive at vertical angles less 
than 5°. In the case of the transatlantic paths, a great deal of attention has been given 
to these questions by Friis, Feldman, and Sharpless, Proc. I.R.E., Vol. 22, No. 1, 47 
(January 1934), and by Feldman, Proc. I.R.E., Vol. 27, No. 10, 635 (October 1939). They 
found that the directions of individual wave components do not change rapidly or capri- 
ciously; that the components which arrive at the higher angles arrive later than those at 
the lower, qualitatively as might be expected from Fig. 7. In the vertical plane, angular 
spreads between lowest and highest component have been found at times to be smaller 
than 1° and at other times as large as 20°. 

Polarization. In sky-wave transmission of high frequencies the composite polarization 
of the received wave is on the average independent of that transmitted. The direction 
of the electric field changes in a random manner with a rapidity which is connected with 
that of fading. 

Echoes of Long Delay. Among the more unusual echoes of long delay, two types 
are of particular interest. Under certain conditions, ‘“‘round-the-world echoes’’ can be 
observed. These are waves having a delay of about 1/7 second, which travel all the way 
along a path which probably is not very different from the great circle separating the day 
and the night hemispheres. They are not usually observed but are prevalent at certain 
times of the year for a given pair of stations. 

A second type of echo exhibits delays as great as 30 seconds. This extraordinary retarda- 
tion may be due to extremely low group velocities in the ionosphere or to waves which 
travel long distances outside the ionosphere before they return. They are as rare as they 
are mysterious. 

Maximum and Minimum Usable High Frequencies. Several years ago the National 
Bureau of Standards began a systematic study and publication of the month-to-month 
variations in the ionosphere at Washington, D. C., with predictions of transmission con- 
ditions to be expected. During the war this work was developed comprehensively. From 
the point of view of operation, it is important to know for a given time and path the 
maximum usable frequency (MUF) permitted by the skip phenomenon and the lowest 
usable high frequency (LUHF) permitted by ionospheric absorption. Predictions on a 
worldwide basis are available. (See publications of the Central Radio Propagation Lab- 
oratory, National Bureau of Standards, Washington 25, D. C.) 


23. OBSTACLES TO TRANSMISSION 


ATMOSPHERIC INTERFERENCE. ‘‘Atmospherics” or ‘“‘static’”’ are electric waves 
of natural origin which often mar radio reception or make it impossible. The sounds 
produced vary from the crackling of extremely short impulses called ‘‘clicks,”’ such as 
may be produced by local lightning flashes, to the steady background roar called 
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“erinders.”” Hisslike atmospherics have also been observed. The principal characteris- 
tics of atmospherics may be listed as follows: 

1. They are more intense in summer than in winter, regardless of radio frequency. In 
the northern hemisphere they reach their maximum in July or August. This leads to 
more difficult transmission at that time. 

2. They have a diurnal variation in intensity. For frequencies below about 10,000 ke 
the night-time intensity is greater than the daytime. The difference is greatest at about 
1000 ke in the vicinity of New York City, being perhaps 50 db, and is very small at 15 ke. 
For the octave above 10,000 ke atmospherics are strongest in the daytime (see Figs 12): 
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Fie. 12, Atmospheric Noise as a Function of Frequency in the Vicinity of New York City 


The diurnal variation has a definite relation to the diurnal variation in the transmission 
characteristics of the frequency used. [C. N. Anderson, Proc. I.R.E., Vol. 21, No. 10, 
1462 (October 1933).] 

3. The law of variation of amplitude of atmospherics with frequency cannot be simply 

stated and is in fact not definitely known. Some evidence favors an inverse first, and some 
an inverse second power. Figure 12 gives one estimate of the frequency distribution [R. K. 
Potter, Proc. I.R.E., Vol. 20, No. 9, 1514 (September 1932)]. The figure is for reception 
in the northeastern part of the United States; elsewhere the intensity and its distribution 
with frequency would probably be somewhat different. By day the amplitude apparently 
follows approximately the inverse square of the frequency up to 1000 ke. At higher fre- 
quencies an increase having a maximum at about 15,000 ke sets in, but at this frequency 
noise originating in the receiver is likely to be more important. The night curve seems to 
follow the inverse first power up to about 10,000 kc. The advantage of low frequencies 
due to better transmission is evidently reduced by the greater amount of atmospheric 
disturbance encountered. Likewise, for the low frequencies, the advantage due to the 
fact that the fields at night are stronger than day fields is similarly reduced by the fact 
that atmospherics are then stronger. 
‘ 4, Atmospherics are predominantly of tropical origin. Exceptions are those on inter- 
mediate frequencies (500 to 3000 ke) during the day, and atmospherics on all ultra- 
ionospheric waves. These are of comparatively local origin. On the low frequencies, less 
atmospheric interference is found the farther the receiver is removed from the tropics. 
For example, they are less in Maine than near New York. [Austin, Proc. I.R.H., June 
1926, p. 373; Espenschied, Anderson and Bailey, Proc. I.R.E., Vol. 14, No. 1, 7 (February 
1926).] 

5. They are said to be stronger on land than over the ocean. [Austin, Proc. I.R.E., 
Vol. 14, No. 1, 133 (February 1926).] 

6. Atmospherics arrive at a receiver from all directions, but usually certain general 
directions predominate and over a small period of time the directivity may be compara- 
tively sharp. This is important in reception, since directional discrimination in the receiv- 
ing antenna can be used to reduce the interference without reducing the desired signal; this 
is not possible if the desired signal arrives from the same direction as the atmospherics. 
When there is a variable null direction in the antenna polar diagram, the improvement ob- 
tainable is very considerable unless the disturbances arrive through a wide range of angles. 
[Espenschied, Anderson, and Bailey, Proc. I.R.E., Vol. 14, No. 1, 7 (February 1926).] 

This directional characteristic is due to the existence of broad centers of origin which 
seem to coincide with thunderstorm centers, most of which are over land. Among those of 
greatest importance to reception in the United States are Ecuador, Brazil, and Central 
Africa in the winter, and Mexico and Central America and the waters between there and 
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Florida, Florida, and New Mexico in the summer. The sources actually causing inter- 
ference will depend on the distance range of the frequency used. Thus, frequencies of the 
order of 1000 ke will have only local static by day, and ultra-ionospheric waves will never 
be troubled by distant sources. At night, all services using the sky wave may be exposed 
to distant sources. The very low frequencies are exposed to distant sources at all times. 
(See papers by Dean and by Harper, Proc. I.R.E., July 1929, pp. 1185 and 1214.) 

7. Atmospherics travel along the earth in the same manner as signals and are therefore 
subject to the same laws of attenuation. Their diurnal variation is explained principally 
by this fact. 

8. Atmospherics apparently originate in discharges with sufficiently abrupt wave fronts 
to shock-excite circuits tuned to any radio frequency lower than 150 me (or some higher 
limit; see next paragraph). Components also fall in the audible range with frequencies 
well below 1 ke. One class called “‘tweeks’’ has a limiting frequency between 1600 and 
1700 cycles, suggesting multiple reflections of a pulse between the earth and a conducting 
layer 90 km above it. [Appleton, Watson-Watt, and Herd, Proc. Roy. Soc., A, Vol. 111, 
165 (1926); Burton and Boardman, Proc. I.R.E., Vol. 21, No. 10, 1476 (October 1933).] 

9. At 150 me Schafer and Goodall [‘‘Peak Field Strength of Atmospherics Due to Local 
Thunderstorms at 150 Megacycles,’”’ Proc. I.R.E., Vol. 27, No. 3, 202-207 (March 1939)] 
found (a) that the peak intensity of disturbances varies 20 db between different storms 
at the same distance; (b) for nearby storms the inverse distance relation is a good approxi- 
mation for the calculation of the variation of peak disturbance with distance; (c) the use 
of high instead of low receiving antennas increases the signal-to-disturbance ratio almost 
directly with height for storms within 10 miles; (d) the durations of some of the narrower 
peaks in any particular lightning discharge are as short as a few microseconds or shorter; 
(e) the maximum equivalent peak field for a storm 1 mile away was about 0.015 volt per 
meter with a band width of 1.5 megacycles. Although it is a common belief that atmos- 
pheries do not exist at microwaves, actual measurements do not seem to have been reported. 

10. Frequencies in the band near 20,000 ke exhibit distinctly an aural difference between 
atmospherics from local and from distant sources. Atmospherics from local sources give 
the ‘‘crash’”’ type; those from distant sources ordinarily give a fairly steady weak back- 
ground. The difference is not the result of any dissimilarity in mechanism but is due to 
the skip effect which excludes disturbances from intermediate distances. The direction 
of arrival of the steady background corresponds with that observed on long waves (SW 
to SE near New York), and the disturbance is heard only when long-wave static is very 
strong. As the frequency is increased into the ultra-ionospheric range, the steady back- 
ground disappears, so to speak, in the distance, leaving only the crashes due to occasional 
local storms. A weak hisslike disturbance apparently from a fixed direction in space and 
from distances beyond the confines of our solar system has been observed on 20,000 ke. [K. 
Jansky, Proc. I.R.E., Vol. 20, No. 12, 1920 (December 1932), and Vol. 21, No. 10, 1387 
(October 1933).] Jansky pointed out that this noise arrived from the direction of the 
galactic center (Sagittarius), and Reber [Astrophysical Journal, Vol. 100, 279-287 (1944)], 
at a considerably higher frequency which permitted high directivity, explored the region 
of the Milky Way and found noise contours corresponding to it. Black-body radiation 
from the sun has been studied by G. C. Southworth [J. Franklin Inst., Vol. 239, No. 4, 
285 (April 1945)] at a wavelength of 3 cm; it may be looked upon as resistance noise, the 
resistance being radiation resistance which has a nigh “‘temperature’’ when the antenna 
points at the sun. An enormous increase in this noise has been reported to occur at times 
of abnormal solar activity. [Pawsey, Payne-Scott, and McCready, Nature, Vol. 157, No. 
3980, 158 (Feb. 9, 1946), and Hey and Stratton, Nature, Vol. 157, No. 3976, 47 (Jan. 12, 
1946).] 

11. The noise level differs in different parts of the sunspot cycle. At high frequencies 
there is a direct and at low an inverse relation to sunspot numbers. 

12. Methods of combating atmospherics must be based on the use of some characteristic 
in which the wave of the signal differs from that of the disturbance. The most important 
of these are frequency, direction, and amplitude. In the first, selective circuits are used 
which suppress current of frequencies not present, or necessary, in the signal. Even with 
absolutely ideal selective circuits, an irreducible minimum of energy will pass through them, 
and this minimum increases linearly with the frequency range necessary for signaling. 
(Carson, B.S.T.J., April 1925.) Directional discrimination has already been discussed in 
paragrapn 6 above. As regards amplitude, the most obvious procedure is to increase the 
effective radiation toward the receiving terminal by increasing either the power capacity 
of the transmitting set or the effectiveness of the transmitting antenna. Another is the 
use of the ‘“compandor”’ in telephony, by which the low amplitudes are raised above their 
natural value while passing from the transmitter (through the part of the circuit exposed 
to atmospherics) to the receiver, the normal values being usually restored subsequently. 
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An old method of discrimination against atmospherics of high amplitude uses opposed 
detectors, equally sensitive at high amplitudes but sufficiently different at low amplitudes 
so as not to cancel the signal. [Englund, Proc. I.R.E., Vol. 16, No. 1, 27 (January 1928).]} 

With amplitude modulation (in which intelligence is carried by variations of the ampli- 
tude from its average value) improved signal-to-noise ratio can thus be obtained by limiting 
the range of frequencies received and by increasing the amplitude variation at the trans- 
mitter and simultaneously reducing the sensitivity of the receiver to changes in amplitude. 
Analogously with frequency modulation (in which intelligence is carried by variations of 
the frequency from its average value), the interfering effect of weak noises may be reduced 
by limiting the range of amplitudes received, and by increasing the frequency variation 
at the transmitter while simultaneously reducing the sensitivity of the receiver to change 
of frequency. 

Some forms, such as ignition noise, occur only in bursts which are very short compared 
with the period of the signal being transmitted (e.g., in telephony, short compared with 
the period of the highest audio frequency). It is advantageous in this instance even with 
amplitude modulation to widen rather than narrow the frequency band of the receiver and 
to use limiters; this widening, it is true, permits more noise power to pass into the final 

detector, but it preserves the shortness of the impulse and permits the limiter to chop 
off the peak, leaving a pulse no greater than that of the signal and so short in duration as 
not to be harmful. 

FADING. In its most general sense “fading” means a reduction of the signal for any 
cause, including, for example, the slow decrease in long-wave signal strength called the 
“sunset minimum,’’ which may last an hour or so. Commonly the term refers to the more 
rapid variations encountered with medium and short waves. Probably the most im- 
portant cause of fading is the interference of wave components following different paths in 
space, combined with variations of phase of one or more components with time. The 
existence of the different components can be due to multiple reflections or to double refrac- 
tion due to the earth’s magnetic field, and perhaps other causes. The changing with time 
of the relative phases can be due to change in the ionic density along the path or to changes 
in the magnetic field. Pulse experiments, which are able to resolve a complex signal into 
many components, show that, with the best resolution possible, the components themselves 
fade. Fading is therefore a very complex phenomenon. 

An important example of fading occurs just outside the service area of a high-power 
broadcasting station. With increasing distance the sky wave finally becomes appreciable 
compared with the rapidly attenuating ground wave. Atmospheric vagaries make the 
relative phase of the components vary at random, causing the signal level to fluctuate. 
It may be further complicated by the reception of more than one sky-wave component. 
(See article 24.) 

Rapidity of fading of ionospheric waves increases, in general, with frequency. Below 
100 ke the phenomenon is scarcely noticed; such changes as do occur commonly require 
an hour or so. At 1000 ke the period is of the order of 1 minute, and the amplitude range 
extreme. At 10,000 ke the fading rate is 1 every few seconds. Fading due to interference 
between two or more components should show this characteristic, for a fade would then 
occur once for every change of 1 wavelength in the path difference. This relation, of course, 
can be only qualitative, since long waves and short waves usually travel over very different 
paths, are frequently not used at the same time of day, and do not employ the same number 
of paths. 

A distorted frequency characteristic is one of the results of transmission over two or more 
interfering paths. Thus, if the times required for the waves to travel over the two paths 
differ by 7, and if the radio frequency is slowly varied, consecutive maxima and minima 
will be found, the frequencies of the maxima differing from one another by integral multi- 
ples of 1/r. If rt = 0.0005 second, a typical value, the maxima will be separated by mul- 
tiples of 2000 cycles per second, and even the a-f characteristic may be seriously affected. 
There will now be fading provided that a change occurs in the medium. Being a function 
of radio frequency, such fading is called ‘‘selective.’’ If 7 were made very small, the fre- 
quencies of the maxima would differ so much that within the small band occupied by a 
telephone channel the response would be independent of frequency. This would be non- 
selective, or ‘‘general,’’ fading. The selectiveness of fading is thus associated with the 
time difference over the two paths, whereas the rate of fading is related to the rate of 
change with time of path difference measured in wavelengths. It is common to have more 
than two components in a received wave. In some cases the wave is extremely complex. 
[Potter, Proc. I.R.H., Vol. 18, No. 4, 581 (April 1930).] 

As shown by Bown, Martin, and Potter [Proc. I.R.E., Vol. 14, No. 1, 57 (February 
1926)], this mechanism can produce serious distortion in a speech channel if the instantane- 
ous frequency of the transmitter varies during the audio cycle. 
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The change in field strength with frequency at a single receiving location has its counter- 
part in a change with location for a constant frequency. The different paths differ not 
only in length but also in direction. Most important perhaps is the direction in the 
vertical plane, as shown in Fig. 7, but the directions in the horizontal plane are also sig- 
nificant. It is these directional differences which cause the difference in signal levels at 
nearby points, for the two waves give rise to a set of interference fringes. Fading does not 
therefore occur simultaneously at nearby points, and it is found in the high-frequency 
range that points separated by 10 wavelengths usually fade in an unrelated manner, 
whereas in some cases the separation need be no greater than 2 or 3 wavelengths. Advan- 
tage of these facts is taken in “diversity systems’’ of reception, which employ receivers 
operating on the same frequency from separate receiving antennas at different locations 
or different polarizations, or on different frequencies from the same antenna. [Beverage 
and Peterson, p. 531, and Peterson, Beverage, and Moore, Proc. I.R.E., Vol. 19, No. 4, 
562 (April 1931).] 

The effect of fading is to degrade the performance of a circuit used in communication. 
This can be due merely to reduction of field during the fades, which leads to an inadequate 
ratio of the signal strength to the noise. It can be the result of the distorted a-f character- 
istic which was mentioned above; to the production of distortion products, as for example 
when the carrier in a double sideband system fades out, leaving the two sidebands to beat 
with each other; to the existence of fading so rapid that it cannot be compensated by such 
devices as the automatic volume control, and to other complications. Probably the most 
usual example of circuit impairment occurs when fading and noise contribute simultane- 
ously. All such effects are the more serious the higher the standard set for the circuit. 

SOLAR DISTURBANCES. Radio transmission is one of the terrestrial phenomena 
which may be correlated with solar activity; another is the variations which occur in the 
earth’s magnetic field, extreme 
fluctuations having been given the 
name ‘‘magnetic storms.’ Except 
for daylight transmission with low 
frequencies (e.g., 60 ke) the effect 
of unusual solar activity is an ad- 
verse one. By day, low frequencies 
are then somewhat aided, but at 
night their fields are considerably 
reduced. The most marked effect, 
however, is produced on the high 
frequencies; in fact, very severe 
storms may completely eliminate 
their usefulness over some paths. 
ae These effects are illustrated in Fig. 

13, which shows daytime field 
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and the other (heavy dashes) on 6 
pert eget to ne. (5000 rave Ray fo apy teeta ors ke, together with the horizontal 
= —— Horizontal Component of Earth's Magnetic Field. component of the earth’s magnetic 
Fie. 13. Typical Effects Accompanying Magnetic Storms field (light dashes). [Anderson, 
Proc. I.R.E., Vol. 17, No. 9, 1528 
(September 1929).] A striking demonstration that rapidly moving ionic clouds are hurled 
into the ionosphere during magnetic storms has been given by Wells, Watts, and George 
of the Carnegie Institution of Washington by a technique of rapidly recording the reflec- 

tions received over an extended frequency range. 

The solar phenomena include sunspots, prominences, and flocculi which may be observed 
with a telescope or spectrohelioscope. The disturbing areas rotate with the sun once in 
every 27 days, this being the reason for the ill-defined ‘‘period”’ of 27 days in the terrestrial 
effects. In order to have a terrestrial effect it seems to be necessary that the disturbed 
solar area have a certain orientation with respect to the earth. The 27-day period in 
magnetic and radio effects forms the basis for a method of predicting future disturbances; 
these predictions, though not entirely reliable, are useful. Another periodicity in solar 
activity is the secular one, having a cycle of about 11 years. Since the last minimum and 
maximum occurred respectively in 1944 and 1947, it appears that the next will take place 
about 1954 and 1958. 

Depending on the severity of the ‘‘storm,”’ the effect may last one or several days, during 
which communication on short waves is erratic and difficult and sometimes impossible. 
At the same time, the aurora may be visible, earth potentials usually rise to relatively 
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high values, and the earth’s magnetic field may be seriously disturbed. Short-wave 
transmission along paths through equatorial regions are scarcely affected, however; it is 
in the auroral zone that the effects are produced, and, apparently, high-frequency trans- 
mission over any path, long or short, which requires reflection from the ionosphere in this 
zone, is adversely affected. At such times, experiments to determine virtual heights in 
these zones are impossible owing to the total absence of reflections. [Appleton, Naismith, 
and Builder, Nature, Vol. 132, No. 3331, 340 (Sept. 2, 1933).] The secular period in this 
effect has already been mentioned. Figure 14 illustrates this variation, which follows 
the 1l-year sunspot cycle. 

[Austin, Proc. I.R.H., Vol. 90 
20, No. 2, 280 (February 
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(March 15, 1939).] 

An abnormality known as sporadic £ layer reflections is of some importance as the cause 
of occasional long-distance transmission at frequencies above the usual ionospheric limit, 
sometimes as high as 60 me. It occurs in patches rather than uniformly over the EH layer 
and is not well understood. [L. V. Berkner and H. W. Wells, ‘‘Abnormal Ionization of the 
E-Region,”’ Ter. Mag. and Atmos. Elec., Vol. 42, No. 1, 73 (March 1937).] 


24. RANGE OF RADIO STATIONS AND BROADCAST COVERAGE 


The distance over which communication can be carried on, or the “range’’ of a radio 
transmitting station, depends on so many changeable phenomena and special details that 
the term is usually significant only as an order of magnitude or as a statistical mean. The 
range depends on transmission efficiency and noise (e.g., atmospherics), on the types of 
apparatus used at the receiving station, and on the standards of performance. More 
meaning attaches to the range of a ground wave, however, because of its steadiness relative 
to the ionospheric wave. The service range of a broadcast station may be set by noise 
due to atmospherics, to industrial or domestic electrical equipment, or to unavoidable 
random noise arising in the receiver itself. But even when noise is negligible it may be 
limited by fading due to the sky wave’s being appreciable compared with the ground wave. 

Considering noise as the limiting factor, we may start with representative noise data 
such as those given in Fig. 15. This figure gives approximate nvise values (atmospherics, 
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set noise, etc.) which we assume as typical for medium-frequency broadcast reception in 
northeastern United States in the summer. For reception the signal field must be greater 
than the noise by certain values which depend on the grade of service desired. This leads 
to a required signal field, and the distance at which it is obtained under certain conditions 
can be obtained by reference to Fig. 3. For example, to find the summer night range of 
the ground wave of a 100-kw transmitter operating on 1500 ke, we have: 


Summer midnight noise on 1500 ke, Fig. 15................-+-----> 0.035 mv/meter 
Signal-to-noise ratio assumed... 2.0.26 cece ci eit ee wee ele eo eslerey ele 100 
Field required with 100 kw radiated. ...........-- 20. sees sees 3.5 mv/meter 
Field with 1 kw radiated (3.5/4/ 100) CAST RE OA ORE ao aio ae 0.35 mv/meter 
Distance giving 0.35 mv/meter (51 db above 1 mv/meter) with 1 kw, 

FRE} Gn (OE ER ine pe Seo RIE OOD Ee oe oda sw clas CoworOnOneL 53 miles 


Figures such as these, which are based on transmission data applying in the case of level 
terrain, cannot in general apply if there are large obstacles or other irregularities in the 
path. A striking example of 
Noise Level vs Frequency this was described by Bown 
t and Gillette, who found 
— I |_| that sections of New York 
fhe City in which there are large 
al numbers of unusually tall 
buildings cast ‘‘shadows”’ 
0.1 eh 4 Ee for several miles [Proc. 
= Posihe-| | TRIES Vol! 12) No. 49395 
(August 1924)]. Dense 
areas of small buildings also 
reduce the range. There 
are other factors than noise, 
Minimum |Background Noise such as fading and interfer- 
TT SSRI INA by industriavand RecewerSeCNoieZ AZ ence from other stations, 
J Z YA, i UY that complicate this prob- 
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Frequency - Kilocycles 1932).] 
Fie. 15. Typical Noise Data, Broadcast Reception Another limitation in the 


ele a pees ; service area of a broadcast 
station in the evening is the existence of fading beyond a certain distance. This limiting 


distance depends on frequency and earth conductivity, and in general it is greater the 
lower the frequency and the higher the conductivity. Fading first becomes serious when 
the sky wave becomes appreciable compared with the ground wave. Figure 16 illustrates, 
as a function of frequency, how the distance range of broadcast stations depends on 
electrical noise and fading, an earth conductivity of 104% being assumed. [Report of Com- 
mittee on Radio Propagation Data, Proc. I.R.E., Vol. 21, No. 10, 1430 (October 1933).] 


1.0 


Lever 


0.01 


Millivolts per Meter 


Noise Intensity 


300 
400 
500 
1300 
1400 
1500 
1600 
1700 


TRANSMISSION-LINE CONSTRUCTION 


10-49 


Midnight Midday* 
aiaiis Ground Wave Transmission Only 
Gee 
1000 oo — 1000 
800 —- Err 800 
df 600 
400 ji os 400 
My 
o . 2 
£200 SALT Baa H+ g 200 
® 100 ix Kw) Plot thal, (eC2 £100 
2 6 Oder 2 60 —| 
= al-Kw e 
70 | * 40 T = 
20 L+t—|Noise .O5“Y, at 1000 Ke 20 Minimum Noise .01MY%, ga 
10 SK Ratio! a0 Wesel SA Ratio 19% all 
co} fo} fo} (o} ce) (oe) te} [e} So fo} fo} fo} fo} jo} (oe) fo} fo} fe} fo} 
HMMS NEMS g eS Ses xg x 2 8 8 
Kilocycles 4 Te Beh Kil je SEAT eT 
Variations with Changes in Power ache bebe 
1000 1000 
800 800 | 
600 600 
400 400 
2200 £ 200 E 
Ps o 
100 = 100 a 
2 8 8 a 
940 * 40 
Power 1 Kw i, 
20 Power 1 Kw 20 SK Ratio! 
SK Ratio?% Pala Ea Minimum Noise .01MY 4 | | 
23 § 8 8 8 
N vt N t+ © eo 
a a ft ot 
7 


= 
a a 
PAG Moa 
Power 1 Kw 
ae Minimum Noise ‘oMyal |_| 
[e} 


jo} jo) 
[o) ° 
N t+ 


al a a 
Kilocycles y Kilocycles 
Variations with Changes in Signal-to-Noise Ratio 4 


*Assuming most favorable daytime conditions and 
limiting background noise of .01_in millivolts per 
meter throughout the frequency range. 


16. Useful Range of Broadcast Stations under Different Conditions of Power, Noise Level, 


Fig. 
and Permissible Signal-to-noise Ratio. Central United States and Europe. 


MECHANICAL FEATURES OF TRANSMISSION LINES 


By John D. Taylor 


25. TRANSMISSION-LINE CONSTRUCTION 


POLE LINES are employed in aerial communication construction to support open 
wires and cables used in toll and exchange plant. The supporting structures are generally 
of wood but, for special requirements or where pole timber is not obtainable, may be of 
steel or other materials. 

The use of wood poles generally throughout the United States and other countries is 
due principally to (1) availability, (2) economical type of construction, (3) ease of handling 
and maintaining, and (4) relatively long life. 

The design of wood-pole lines is based primarily on (1) type of communication plant 
(toll or exchange) to be supported, (2) load to be carried, and (3) location and exposure to 
weather. The poles must be of sufficient strength (allowing for ground decay and econom- 
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ical life) and height (allowing for ultimate loads and required clearances) to meet the 
requirements for this type of construction in the most economical manner. 

In exchange plant, initial pole-line routes largely determine the routes of distribution 
for succeeding types of construction, while for toll plant the large initial costs involved in 
building a toll pole line usually require its maintenance on the selected route, at least for 
its economical life or until other considerations such as right-of-way, growth, new develop- 
ments or deterioration necessitate its removal or replacement. In planning new pole lines 
or rearrangements, it is important to so advise other pole-using companies in the area 
involved, in order that the plans of all the companies may be in coordination at all times. 

The selection of the pole route usually entails advance surveys, acquiring the necessary 
right-of-way, and other considerations, which will provide the required pole line econom- 
ically. Due regard must be given to the future adaptability and relation of the pole line 
with respect to the telephone system, serving the area, as a whole. Toll pole lines usually 
take the most direct, practicable route between terminating points, avoiding small towns, 
trees, and hazardous conditions as far as possible. Toll points, off the main toll route, are 
reached by branch (spur) lines. Along highways, one side should be occupied throughout, 
as consistently as conditions permit, avoiding unnecessary road crossings and leaving the 
other side of the highway for other wire-using companies. 

Public right-of-way is less expensive initially, but private right-of-way for a particular 
section of pole line may result in lower annual charges and ultimate costs and most cer- 
tainly will add to the permanence and safety of the line. 

Joint use is generally desirable and economical in urban areas, rather than using 
separate pole lines for power and telephone facility distribution. The power circuit 
voltages in cities are usually low (not over 5000 volts), and the telephone equipment and 
subscribers are adequately protected in case of contact between the power and telephone 
circuits. 

Joint use with rural or toll open-wire circuits is not, as a rule, desirable, because of the 
generally higher-power circuit voltages and of possible hazards to life and property from 
contacts. Consideration may be given, however, to such joint use in any particular case, 
and future developments may indicate its desirability for rural construction. 

The selection of poles required for any particular pole line is based mainly on (1) the 
number of telephone or other aerial wires and cables to provide facilities over the expected 
service life of the poles, (2) the importance of these facilities, (3) the pole strength required 
to carry the initial and ultimate wire and cable loads under the weather conditions ex- 
pected in the locality involved, and (4) governmental regulations. 

Some companies have established classifications for open-wire and cable pole lines, in 
accordance with the service value of the line (relative importance and number of messages 
carried by the circuits on the line). Figure 1 shows the classifications used by the Bell 
System and the relative strengths assigned based on the System’s experience. Lower 
percentages of ultimate stress are required for railroad, power, or similar crossings. 


Maximum Percentage of 
: Ultimate Fiber Stress 
3 ; Message- Relative * 
caer ee Typelot Bervice pea te Strength under Transverse Loading 
per day Levels For New At Replace- 
Poles ment 
A Toll open-wire and cable of 
high service value.......... Over 30,000 100 45 67 
B Toll open-wire (average serv- 5,000 to 
ice value) and toll cable 30,000 
(not class A) 67 67 100 
0) Exchange open-wire (over 10 
wires), all exchange cable...|............ 50 89 133 
Toll open-wire of low service} Less than : 
value 5,000 50 89 133 
R Exchange open-wire (not over 
10) Wires) Sisk RAG des Reith | POCeese trans « 33 133 200 
Af Joint power and telephone 
Vines ie inset sara ef og oon Bu ea ancuel Venere Ree 88 50 75 


Fia. 1. Classification and Strength Requirements of Pole Lines, Bell System Practices 
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In connection with the preparation of the National Electrical Safety Code (N.E.S. Code), 
National Bureau of Standards Handbook H32, studies were made to determine the fre- 
quency, severity, and effects of ice and wind storms throughout the country. On the 
basis of these studies, three general loading areas, heavy, mediwm, and light, were estab- 
lished for the United States, as shown in Fig. 2. For the same classification of line and 
other structural condi- 
tions, a heavier class of 
pole is required (particu- 
larly for average or greater 
loads) in the heavy than in 
the medium or light load- 
ing areas, and likewise in 
the medium as compared 
to the light loading area. 

Basic conductor load- 
ings have been assigned 
for the three loading areas, 
in order to derive pole 
loadings, considered ap- 
propriate for these areas, 
and with the various pole- 
line classifications and 
other data, to arrive at the : 
class of pole required for fre. 2. Storm Loading Map of the United States (from N.E.S. Code, 
any given line. Figure 3 Fifth Edition, Natl. Bu. Stds. Handbook H32) 
shows these assumed load- 
ings and associated constants, which latter, when added to the resultant of the vertical 
and horizontal loads, will result in effective conductor loadings, substantially the same 
for the Fifth Edition as for the Fourth Edition of the N.E.S. Code. Thus, it has been 
possible to avoid lowering past overall effective standards for pole-line strength require- 
ments, and at the same time to reduce, in the Fifth Edition, the transverse loadings on the 
pole line to permit the use of allowable stress values more nearly representative of general 
engineering practices. 


Assumed Vertical and Transverse Loadings 


Radial Thick- Horizontal Wind 
Storm ness * of Ice Pressure at Right 
Loading Symbol Coating on Angles to the Line, 
Area Conductors and lb/sq ft of 
Messengers, in. projected area 
RIOGVY shreon weet H 0.50 4 
Medium....... M 0.25 4 
WIDAGTAG yeteversreistseos L None 9 


* Note: In computing transverse loading on poles and towers, ice coating on these structures is 
ignored. 


Constants for Various Types of Conductors to Be Added to the Resultants of the Loadings 
Shown in above Table, pounds per foot 


Bare Copper, Steel, Weather Proof 


Tem- Bare Aluminum eet 
Copper Alloy, : 3 and Similar Cable 
Storm Sym- | pera- (SEDER with or without Covered with 
Loading Area bol | ture, Steel, and Combi- Rei - teel t Conductors Messenger 
deg F nations Thereof CABO MOS (All Materials) 
13 ae GODDOOO Oe H 0 0.29 0.31 0.31 0.6 
Medium... «.- M +15 .19 ID .22 .4 
Taig Gesai-vexoletens ya L +30 .05 .05 .05 a2 
Note: For telephone wires it is usually assumed that 
P = 0.003V? 


where P = horizontal wind pressure in pounds per square foot of projected area. 
V = actual wind velocity in miles per hour. 


Fic. 3. Assumed Vertical and Transverse Loadings and Associated Constants (from N.E.S. Code, 
Fifth Edition, National Bureau of Standards Handbook H82) 
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Since pole lines carry various types of communication facilities and frequently (on joint 
lines) power conductors and equipment as well, it is necessary, in determining pole-line 
loads, to equate the various attachments to a common basis. Figure 4 gives wire equiva- 
tent data for the three loading areas in terms of effective 104 (mil diameter) telephone wires 
and of effective No. 4 covered power wires. In heavy and medium loading areas only, 


Telephone Wire Base Power Wire Base 
(Effective (Effective No. 4 
104 Tel. Wires) Covered Power Wires) 
Attachment 
Storm Loading Area Storm Loading Area 
Heavy | Medium| Light | Heavy | Medium} Light 
Communication plant 

Bare open wire, 109, 104, or smaller, per wire 1 1 ] 0.8 0.7 0.3 
Bare open wire, 128, 134, or larger, per wire. 1 1 1.3 0.8 0.7 0.4 
Covered paired wire, per pair, or covered 

SINGS wALessper WILE. neayare «nele craicistalelera. ree i 1 2eD 0.8 0.7 0.7 
Strandallisizess ccc: oo Mss erie ee Oe erence 2 2 5 2 2 2 
Cable and 6009 lb (5/jg in.) strand.......... 4 5 15 3 3 4 
Cable and 10,000 lb (8/g in.) strand......... 5 6 22 4 4 6 
Cable and 16,000 lb (7/16 in.) strand........ 6 7 30 5 5 8 
Cable and 25,000 lb (1/g in.) strand......... 7 8 35 6 6 10 
Cable terminal, ‘“‘B” or ‘‘BB”’ type, 202 pair 

and less or ‘‘BD”’ type, all sizes 1 1 4 1 1 1 
Cable terminal, ‘‘B” or ‘‘BB” type, more than 

VAI) Toy Shera RCN RCO ORD SOA Crore ote. 1 1 6 1 1 2 
Cabletloading pott. eicuacrete e's ste eels ate ae 1 1 4 1 1 1 
Service drops, per unbalanced drop......... 1 1 2 1 075 0.5 
Clothes-lines on Class C line poles, per unbal- 

anced .clobhes-line jeretac: screen ieee ee 8 14 50 
Clothes-lines on Class J line poles, per unbal- 

anced clobhes-line -hacas2, sein «tlemectner able 4 7 25 3 5 8 

Power plant 

Covered wire, No. 8 AWG (approx. 0.26 in. 

oid.) ror'smallers per witevsasneur one ts > cena Les | ai) 25 0.9 0.9 0.7 
Covered wire, No. 6 AWG (approx. 0.32 in. 

O;G Sper wITen Ss sidopreeeetcis cee eee iekee ee 1.4 Bal 1.0 10 0.9 
Covered wire, No. 4 AWG (approx. 0.38 in. 

Oss) Per: WiLeh. greta cecepiee cthecoreis iss ae owe anode |e ie Syl 1 1 1 
Covered wire, No. 0000, AWG (approx. 0.65 

ITs Olds) SPEL WITO te ae eine. caietio sean cre [has 1: 6.3 Hea} Ls} ses 
Covered wire, 500,000 cire mils (approx. 1.11 

1D OFG.), Der WILE se ceaia.camilase pects occur 2 3 tl 2 2 3 
Covered wire, 1,000,000 circ mils (approx. 

LSS iin Ords) 3) DET WILE aias a cramitaree sect 3 4 15 3 3 4 
Covered wire, 2,000,000 cire mils (approx. 

2.15 in. o.d.) or larger, per wire........... 3 5 20 3 4 6 
Power cable on strand (approx. diam. of 

cables2.56,n.or less) cmarascsrerciencitie ciate 6 7 30 5 5 8 
Suspension wire extend- 

ing transversely be- | One contact wire 6 10 25 5 7 7 

tween two pole lines; Two contact wires 12 20 50 10 14 14 

and supporting trolley | Four contact wires 18 30 75 15 21 21 

contact wires, per line 
Bracket and one trolley contact wire on one 

sidetofpoleplinewrcr.. suk one eo eit. oon 2 2 8 2 2 2 
Brackets and two trolley contact wires, one 

on each side of pole line...............-. 3 3 9 3 2 3 
Bracket and two trolley contact wires, over 

tracks on same side of pole line........... 5 6 19 4 4 5) 
Transformers, 37 1/9 kva or less...........- 1 1 6 1 i] 2 
Transformers, over 37 1/9 kva............-- 1 2 9 1 2 3 
Transverse clearance attachment for service 

drop above telephone attachments, per wire | Z 4 1 2 1 
Service drops, per unbalanced drop wire..... 1 ] 3 1 1 ] 
Street lamp supported by mast-arm (not 

bracket))achs. case ct coe ner oe eee meee | 1 3 1 1 1 


Fie. 4. Table of Wire Equivalents for Pole-line Loading Calculations (from N.E.S. Code, Fifth Edition, 
National Bureau of Standards Handbook H32) 
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when the actual number of wires on crossarms is more than 10, shielding reduces the effec- 
tive number of wires to 67 per cent of the actual number. In light loading areas, loading 
is assumed on actual wires. 

The selection of new poles for a given pole line requires that the following factors be 
known or assumed: 

(a) Classification of pole line (determines the relative importance of the line). 

(b) Loading area (determines the basic loadings). 


(c) Fiber strength of timber to Table 1 
be used (see Table 1). 

(d) Equivalent (effective) tele- . Fiber Strength, 
phone wire or power wire load Type-of Timber Ib/sq in. 
(see Fig. 4). 

(e) Average pole spacing (de- Northernjwhitecedarciy. crs oleate de) lela le 3600 
pends on type and size of wire Western red cedar. . fete teen eee eee 5600 

M Creosoted southern pine and Douglas fir. . 7400 
usage, loading area, and class of | Chestnut.......................- 6000 
line for open wire). odaeipolempinesemete ema enn 6600 

Cpr ength™ of poles (deter-™ | Juniperes enbnen eo cee enc ee nce ene. 4600 

mined by load and clearance’ re- | Cypress... 00... 000. sess eens ween ees 5000 


quirements). 
If tables are not available for determining directly the class of poles required under the 
above known or assumed conditions, the following formulas may be used for the purpose. 
For transverse loading (pole acting as a cantilever beam) 


Ca A| Met My 
~ YV0.000264fU 


where C = minimum required ground line circumference of new pole in inches. 
M, = resistant moment on pole at ground line, due to wind pressure on wires, in 
ft-lb. 


= PDLNS. 
P = wind pressure, in lb/sq ft. 
D = diameter of each wire, in ft, including ice coating, if any. 
L = distance, in ft, between center of the load and the ground line section. 
N = effective number of wires on the pole. 
SS = 1/2 sum of the two adjacent spans, in ft. 
M, = resistant moment on pole at ground line, due to wind pressure on pole, in ft-lb. 


h2 
= P 3062 (2C; + Cz) 


where h = height of pole above ground, in ft. 

C, = circumference of pole at top, in in. 

Cz, = circumference of pole at ground line, in in. 

U = maximum percentage of ultimate fiber stress expressed as a decimal (determined 

from the line classification, Fig. 1, or as required). 
f = maximum allowable fiber stress of the pole timber, in lb/sq in. 
For vertical loading (usually considered only for anchor guyed poles or stubs, where the 

vertical component of the stress in the guy may be large), the pole is considered to be a 
long column, and by Euler’s formula for such a column 


dh 
Py = we 


vertical load on the pole, in lb. 

a for average conditions of a guyed pole or stub. 

modulus of elasticity of the pole timber. 

= moment of inertia of the critical section (see note). 

= length of the column, in in., from the point of anchor guy attachment to the 
butt of the pole (for poles set in solid bases, such as rock or concrete, the 
length is taken from the point of anchor guy attachment to the ground 


line and uw = 27”). 


Note: The critical section in flexure for the average pole (of conical shape) is assumed 
to be at a distance of 1/31 below the point of anchor guy attachment. The circumference 
of this section should be computed from (1) its distance above a point, which is 6 ft from 
the butt of the pole, (2) the specification circumference 6 ft from the butt, and (3) the 
average circumferential taper for the timber under consideration. 

In general, the size of line pole, selected for the ultimate load, is determined by the 
transverse stress, to which the pole may be subjected. There may be cases, however, 


~NS 
ll 
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where the vertical load, particularly where large transformers are mounted near the top 
of the pole, becomes a substantial factor in determining the pole strength required. 

In such eases, both transverse and vertical stresses and their resultant stress may need 
to be determined, although the vertical and combined stresses can only be calculated 
approximately. 

A wood pole is considered as a long tapering column, which, under a critical concentric 
vertical load, fails by buckling. The maximum load that the pole can safely carry de- 
pends on the degree of freedom of the pole ends, the distribution and arrangement of the 
vertical loading on the pole, the support given the pole by any wire or cable attachments, 
and other variable factors. 

For wood, the maximum compressive strength is considerably less than the modulus of 
rupture and the maximum allowable stress for the combined compression and bending 
stress is intermediate between these two values. 

Methods have been developed for determining approximately the combined stress on 
a pole at the ground line, due to vertical (axial) and transverse loads, under certain as- 
sumptions, but, because of their complexity, these methods are not discussed in this 
handbook. 

Where it is desired to employ such methods, reference may be made to Provisional 
Report No. 24 (Technical Report 2G-2), A Study of Pole Strength in Jointly Used Poles, 
of the Joint Subcommittee on Development and Research of the E.E.I. and B.T-S. of 
August 22, 1938. 

The minimum required ground-line circumference of the pole C having been determined, 
the class of pole actually selected from the ASA Specification Tables should have a ground- 
line circumference at least equal to the minimum required ground-line circumference C 
plus an amount of wood which, based on average decay rates for the timber and location 
involved, will provide the desired service life in accordance with the formula 

C, = C+ yW — T) 
where C; = minimum ground-line circumference of the new pole, in in., to provide desired 
service life. 
C = minimum required ground-line circumference of new pole, determined as 
above. 
y = average rate of decay of untreated timber in equivalent inches of circumference 
per year. (For the cedars and chestnut, this decay is about 0.45 in. for 
sapwood and 0.3 in. for heartwood per year. For southern pine the physical 
life is about equal to the effective period of treatment.) 
I = desired physical life in years. 
T = expected life of preservative treatment in years (probably roughly 20 years 
for initial treatment of butt-treated poles). 

The ASA (American Standards Association) Specification Tables of Pole Dimensions, 
referred to above, are readily available and are based primarily on: 

1. Fiber strengths of various timbers used. 

2. Ten classes of poles (1 to 10) with minimum circumferences for 6 ft from the butt 
specified for classes 1 to 7, and minimum circumferences at the top of the pole specified 
for all classes. 

3. Breaking loads 2 ft from the top for the first seven classes in approximate geometric 
progression as follows: 

Class Breaking Load, in lb 
4500 
3700 
3000 
2400 
1900 
1500 
1200 


NOOO WN He 


4. All new poles of the same class and length (classes 1 to 7 only) to have about equal 
resistant moments at the ground line. 

5. All new poles of the same class (classes 1 to 7 only) to be of such size as to have about 
the same breaking load, with the load applied 2 ft from the pole top and assuming that 
the break would occur at the ground line. 

Treatment of poles to prolong their physical life is standard practice. The preservatives 
used may be creosote, greensalt, or other chemicals toxic to wood-destroying fungi and 
wood-boring insects. The creosote treatment may be applied the full length of the pole, 
as in southern pine, under a pressure and vacuum with a net retention normally of 6 to 8 
Ib of creosote per cubic foot of wood, and a penetration of not less than 2 1/9 in. or 85 per 
cent of the sapwood. Greensalt is also applied to poles by the pressure method, and it 
has some advantages over the creosote treatment. Butt-treated poles, such as the cedars, 
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are usually processed in open tanks of hot and then cold creosote, the ground-line section 
being incised to assist penetration, which averages about 0.4 in. or more. 

The spacing of poles depends largely upon the type of the wire or cable load, location, 
transposition scheme, and exposure to storms. For important backbone toll routes the 
spacing is generally about 130 ft for open wire and from 150 to 300 ft for toll cable. 

The guying of pole lines is necessary at points of above average stress, such as at corners 
having substantial pulls, dead-end poles, and poles carrying unusual loads. Guying is 
also applied on toll lines at periodic intervals along the line to assist the pole-line structure 
in withstanding storms. The ratio of lead to height of guys should be about 1.0 to 1.25, 
the guy stress then being about 1.4 to 1.28 times the horizontal stress. 

Cross-arms are designed to carry from 2 to 10 or 12 wires, as may be required for any 
particular case, and may be fitted with locust or steel pins, usually spaced from 6 to 12 
in. for telephone and 10 and 11 1/4 in. for telegraph wires (16 to 30 in. for pole pairs). The 
cross-arms are usually spaced 24 in. apart vertically on the pole and vary in number per 
pole from 1 to 6 or more. 

OPEN WIRE, supported on insulator-equipped cross-arms or brackets, which are in 
turn mounted on poles or fixtures, has been employed since the invention of the telegraph 
_ and telephone to connect individual instruments to wire centers or offices, and one office 

to another. However, wire conductors enclosed in lead sheaths (cables) have practically 
superseded open wire in built-up communities and cities and in large measure, for tele- 
phone communication, have replaced or supplemented open-wire lines between the prin- 
cipal cities. 

The types of open wire employed for telephone communication circuits, as discussed in 
Section 17, consist principally of 104, 128, and 165 hard-drawn copper and some 104 and 
128 copper steel (40 per cent cond.) for toll circuits, 080 copper steel (40 per cent cond.), 
and 080 and 109 high-tensile steel for exchange circuits in outlying areas (all given in mil 
diameter). High-tensile steel wire, because of the pole economies realized, its greater 
strength, and its equally good service performance, is being employed for new construction 
generally in place of the various grades of mild steel and iron wire. 

The types of open wire employed for telegraph communication circuits consist mainly 
of 114 hard-drawn copper, 162 copper steel (40 per cent cond.), and some 165 iron for 
important facilities. 

Drop wires of various types are used for both services. 

Table 2 shows some of the important physical properties and the electrical resistance 
of wire, classed as open wire, for both telephone and telegraph circuits. Other electrical 
eharacteristics of various types of wire are discussed in Section 17. 


Table 2 
A t Minimum Average 
Wire Nominal Average Breaking Resistance per 
Type of Wire Number , Wire Weight Strength Loop Mile, 
and Diameter, | per Wire, Wi Soh 
P 4 i ¥ per Wire, in ohms 
Gage in mils in Ib/mi in Ib at 68° F 
Telephone 
Hard-drawn copper..........| I4-NBS 80 102 330 17.50 
Hard-drawn copper........-. 12-NBS 104 173 550 10.15 
Hard-drawn copper........-. 10-NBS 128 262 819 6.74 
Hard-drawn copper.......... 8-BWG 165 435 1325 4.11 
‘Copper steel (40%).......... 14-NBS 80 96 770 42.8 
‘Copper steel (40%).........+. 12-NBS 104 159 1177 25.0 
‘Copper steel (40%).....-..- 10-NBS 128 240 1647 16.7 
High-tensile steel (HTL-85) 
(0.8 oz zine coating)..... 14-BWG 83 99 460 iP Wfe72 
KH TEATS SPR OTS ae eee 14-BWG 83 99 703 130.0 
CEPTS 5) Peis tert trek J 12-BWG 109 170 793 68.2 
CEL HNS5)iF. 6 tee es Glee 3 12-BWG 109 170 Meat 2il 76.5 
(HIEDEH85)t ae eateries 10-BWG 134 258 1199 45.0 
Wronze} DPsdropi.d\ asm -teois ss 18-AWG 40 159 340 259.0 
Bronze, DR drops sree +10 18-AWG 40 232 340 259.0 
Bronze NiesGrop se.stxsiesegereaskers 18-AWG 40 227 340 259.0 
Hard-drawn copper HC drop.| 14-AWG 64 316 380 26.4 
Telegraph 
Hard-drawn copper.......--- 9-AWG 114 208 644 4.3 
Copper steel (40%)......-... 6-AWG 162 384 2430 53 
POW ete ore ecerere tr ee ae 8-BWG 165 378 1090 13.3 
Copper" (tw. Spr) Vases eee 16-AWG 51 208 (pr.) 500 (pr.) 104.0 (pr.) 
Steel drop \(sgli)s oc. seta. 16-AWG 51 104 (sgl.) 250 (sgl.) 52.0 (sgl.) 
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CABLE, consisting of insulated, annealed copper conductors, enclosed in a cylindrical 
lead sheath, is employed in both toll and exchange telephone and in telegraph plant, where 
the number of circuits required along a given route, plant economies, or interfering condi- 
tions preclude the use of open wire. Cable is used generally in toll plant in urban areas 
and, supplementing open wire, between principal traffic centers throughout the country, 
either as toll entrance facilities for open-wire lines or as toll cable facilities directly connect- 
ing large switching centers. 

Telephone and telegraph cable is manufactured in various sizes and gages, of which 
representative types and associated data are given in Table 3. For both types of service, 


Table 3. Representative Cables—Mechanical Characteristics 


(1) (2) Sheath F Weight 
(3) Gage Conductor | Thick- nee per Type of 
Type No. of of Con- | Insulation ness, EPSON Maxey Core 
Pairs ductor in. a: lb 
Exchange......... 6 19 Paper tape 0.063 0.42 0.41 Layer 
Exchange......... 455 19 Paper tape 0.115 2.61 8.48 | Layer 
Exchange......... 11 22 Wood pulp | 0.063 0.42 0.40 | Layer 
Exchange......... 909 22 Wood pulp | 0.115 2.61 8.46 | Multiple-unit 
Bixchangemeec vce 11 24 Wood pulp 0.061 0.36 0.31 Layer 
Exchange......... 1515 24 Wood pulp 0.115 2.61 8.64 | Multiple-unit 
Exchanges... cae: 11 26 Wood pulp 0.060 0.32 0.27 | Layer 
Exchange......... 2121 26 Wood pulp 0.115 2.61 8.15 | Multiple-unit 
(4) 
Toll entrance...... 12 quads 19 Paper tape 0.082 0.85 0.79 Layer 
3 quads 13 Paper tape 
Toll entrance...... | quads 16 Paper tape | 0.118 Deo) 6.41 Layer 
60 quads 19 Paper tape 
Toll (full size)..... 154 quads 19 Paper tape 0.123 2.59 7.60 | Layer 


Notes: (1) All conductors are annealed copper. 

(2) Some 28 gage exchange cable was made during World War II to conserve copper in sizes 
11 to 303 pairs. 

(3) The smallest and largest sizes of exchange cable are shown, as used in the Bell System. 

(4) Toll entrance and toll cable may have optional groups of non-quadded exchange pairs. 
The cable data given assume no shielding or sheath protection or exchange conductors. 

(5) Insulation resistance required to exceed 500 megohms per mile. 

(6) Some 13 gage is used in both telephone and telegraph service. 


paper or wood-pulp insulated conductors are grouped together to form a core, either in 
layers or 51 and 101 pair units, various colors being used in the insulation and binding 
strings to permit readily distinguishing between different layers, units, quads, or pairs, for 
installation or maintenance purposes. Figure 5 shows the method of core construction 
for both layer and multiple-unit type cores of telephone exchange cable (24 gage-type 
DSM). 

Exchange conductors are generally associated in pairs (2 conductors twisted together), 
although some exchange trunk cable is quadded (2 pairs twisted together as a 4-conductor 
unit group, called a quad). Toll conductors are usually quadded for phantom circuit 
operation, although toll cables frequently contain some non-quadded pairs for program 
or other toll services. In addition, complements of exchange pairs are frequently included 
in the toll cable. The lead sheath enclosing the paper-wrapped core of insulated conductors 
normally contains about 1 per cent of antimony to strengthen the sheath, the thickness of 
which varies with core diameter and type of cable from about 0.06 to 0.125 in. 

Cross-talk must be carefully considered in cable design, particularly for toll cables. In 
non-quadded cables the conductors are twisted together in pairs. The twists in adjacent 
pairs within a layer and in adjacent layers are of different lengths to provide the necessary 
capacitance balance between pairs. In quadded cables the conductors are twisted together 
in pairs and the pairs are twisted together with different lengths of twist to form quads 
of as many as 9 types, each of which has a different length of twist. Exchange pairs (non- 
quadded) are usually random spliced within their color groups (spliced without testing 
to determine the pair numbers), so that any given pair in the cable is adjacent to any other 
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pair in as few cable sections as practicable. Toll pairs, because of their greater importance, 
wider range of operating energy levels and frequency assignments, are carefully spliced 
where sections of cable join. The splicing is carried out according to a plan which provides 
for limiting the cross-talk between circuits. 

Segregation, to reduce couplings at carrier frequencies between oppositely transmitting 
pairs or quads used for cable carrier, is usually accomplished by assigning oppositely bound 
groups to separate cables. Segregation of pairs used for open-wire carrier is obtained by 
using alternate layers or by metallic layer or unit quad shields in the same cable, as may 
be required to prevent excessive cross-induction between them. 

Sheath protection is provided in various degrees, as may be required, by using: (1) layers 
of Sisalkraft paper and jute covering, where soil corrosion may occur; (2) layers of thermo- 
plastic compound covered by longi- 
tudinal copper tape, flooded with = ® ® 
asphalt compounds, for a lightning (“s) 
shield; (3) layers of Sisalkraft paper, \ pars 
two steel tapes, and jute, for gopher- 
infested areas; (4) layers of Sisalkraft BINDER 

‘paper and a layer of rubber or as- We KY © 
phalt-back fabric tape for corrosion 
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protection in conduit; (5) a thermo- alg ya 
plastic compound layer and outer ® 
Is2iPARS 202 PAIRS 


covering of impregnated fabric tape 
for corrosion protection when buried 
near pipe lines; (6) two helical wrap- 
pings of tape armor and a cushion of 
iute to protect against ring cutting, 
stone bruises. or to provide shielding 
for low-frequency induction for aerial 
eables; and (7) single and double 
armor wires with a jute cushion for 
submarine cables. Other special afte 
protection may be provided as re- \ 
quired. 

Spiral-four disk-insulated cable is 
used, under certain conditions, to 
provide entrance facilities for open- 
wire carrier systems operating at a 
maximum frequency of about 140 
ke. The individual units contain 4 
eoppeuiconductorsson LG seagerin si: 1515 PAIRS LIKE COLORED BINDING STRINGS 
lated from each other by composition Fie. 5. Diagrams Showing Typical Layer and Multiple- 


disks having uniformly spaced peri- ynit T 
, : ype Exchange Cable Cores (Courtesy Bell Syste 
pheral notches which hold the wires year 


spaced at the corners of a square, each oppositely positioned pair of wires forming a pair 
of the quad. Shielding is provided over a spiral-4 unit consisting of a copper tape and two 
steel tapes. A toll entrance cable may contain up to 7 such units, each with its own metal 
sheath, or a combination of units and standard paper-insulated quads and pairs which 
provide other communication facilities. 

Coaxial cable, of latest design, for use with the carrier and other high-frequency systems, 
consists of up to 8 units. Each unit is composed of a 100.4-mil conductor (inner conductor) 
positioned in the center of a single 12-mil copper tape (outer conductor) with longitudinal 
seam to form a 0.375-in. (inner diameter) tube, over which are lightly wrapped two 6-mil 
steel tapes. The outer conductor is supported by polyethylene disks, 0.085 in. thick, 
spaced about 1 in. apart along the inner conductor. The outer and inner conductors form a 
metallic circuit. With the 8 units, other standard paper-insulated quads of conductors 
(up to about 78 quads of 19 gage or equivalent) may be included in the same overall lead 
sheath. Further details regarding this cable and its characteristics are given in Section 17. 

Both exchange and toll cables are placed aerially and underground, depending upon the 
location and other factors affecting any given cable. 

When cables are placed aerially on poles or towers, the required strength of the support- 
ing structures must be carefully determined on the basis of loading area, exposure to 
weather conditions, load carried, importance of the cable to service, and other factors such 
as apply in open-wire construction. When cables are placed underground, the main factors 
to consider are the type of underground housing, if any, to employ, as well as the possibili- 
ties of damage from corrosion or other external sources, and the proper routing. Under- 
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ground cables may be placed in vitrified clay conduit, fiber, or other types of ducts or 
buried directly in a trench in the ground or plowed into the ground. In any event, suitable 
protection from underground hazards must be provided. 

Loading coils are provided in cable circuits (aerial or underground) wherever required 
for transmission reasons (see Section 17). 

Loading coils are generally assembled in groups in steel cases for either aerial or under- 
ground installations, and some designs are suitable for office relay rack mounting. Lead 
sleeve cases are used for loading small complements of toll and exchange conductors. Also 
single coils (in a small metal case) are designed to be connected and enclosed in cable 
splices. 

UNDERGROUND STRUCTURES, consisting of conduit, manholes, vaults, and other 
construction, are designed to provide suitable housings for underground cable plant. These 
structures are a necessity in cities and to some extent in the smaller communities (assuming 
that aerial cable plant is not practicable or economical in a given case), since the under- 
ground cable plant must be readily accessible to permit additions, changes, removals, and 
repairs. Some underground exchange cable has been buried (placed directly in the ground) 
in built-up locations, but this is not the general practice. Toll cables, suitably protected, 
are frequently plowed into the ground or are buried in trenches. This type of construction 
has been employed for long distances over transcontinental and other important toll cable 
routes. 

Underground conduit may be of vitrified clay, fiber composition, creosoted wood, or 
iron pipes. Clay conduit is most generally employed for main routes because of its rela- 
tively low cost and satisfactory performance when buried and properly protected. It is 
manufactured in single or 2-, 3-, 4-, 6-, 8-, and 9-duct multiple units, and is usually laid 
in one or more units in a compact arrangement. The conduit is placed in a trench, which 
may vary in depth to avoid other underground structures or hazards (sharp changes in 
direction are avoided), on a solid base with or without concrete. It may be encased com- 
pletely in concrete or only at the top or bottom, or plank may be used, in the judgment of 
the engineer as to the type of construction needed. 

Conduit may be placed along a street under paving or the sidewalk, or between the curb 
and sidewalk, or in parking in the center of the street, as conditions permit. Costs and a 
satisfactory permanent location, least likely to be disturbed, are primary considerations 
in placing conduit over a selected route. Subsidiary ducts of wood and of vitrified clay, 
sewer or iron pipe are commonly used from manholes to underground cable poles or build- 
ings. 

Manholes are required at junction points of conduit runs and other locations where it 
is desirable that the underground cable plant be made accessible, and to provide for 
practicable cable section lengths. Manholes are preferably located at one side or the other 
of street intersections to avoid interfering with traffic, when working in them. Manholes 
vary in size from the small service boxes, placed mainly for the purpose of pulling cable, 
to the standard 2-, 3-, and 4-way and center rack types, having dimensions ranging from 
3 ft 6 in. width by 6 ft length by 5 ft 6 in. headroom to 8 ft width by 9 ft length by about 
6 ft or more headroom. In addition, special type manholes and cable vaults of various 
sizes are required in many cases to accommodate concentrated conduit entrances, as at 
central offices and loading coil installations. Concrete construction is usually employed, 
with or without reinforcement. Manhole frames and covers of cast iron, placed in the 
manhole roof to provide a suitable entrance of 27-in. diameter or more to the manhole, 
are designed to support surface traffic safely. Drainage may or may not be provided in 
manholes, as required. 

The underground cables are supported on galvanized-metal racks, mounted vertically 
along the sides or through the center of the manhole, and are separated by a few inches to 
permit splices to be made and opened as required. 


26. ELECTRICAL PROTECTION OF TRANSMISSION LINES 


Lightning and power circuits are two unlike sources of electrical power, which, under 
certain conditions of exposure or contact encountered in practice, occasionally cause dam- 
age to communication plant. 

Communication lines and equipment are necessarily grouped closely together because 
of space limitations and other economic considerations. These facilities will carry their 
normal operating voltages and currents with ample margins of safety, but the insulation 
employed on cable conductors, between conductors and the cable sheath, and in various 
equipments is not sufficient, in general, to withstand lightning or power circuit potentials 
without protection. 
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EXCHANGE CABLE PROTECTION against lightning for any given exchange cable 
plant usually requires a study of the plant layout and exposure conditions involved. The 
aerial cable sheath is usually grounded through the underground cable plant or at the cen- 
tral office and at various other locations at irregular intervals, such as at underground dips 
or private cable entrances. 

The working cable conductors are grounded by operation of the station protection and 
through the loops connecting to them. Cable conductors may serve subscriber stations 
at one or more intermediate points along the conductors but lie idle in other sections of 
the cable beyond these points. Other conductors may lie idle throughout their length, 
and groups of conductors will terminate at various 
points where cable sizes change. All these conditions 
have a direct bearing on potentials in exchange cables 
due to lightning. 

Lightning currents may, in general, be impressed on 
exchange cables by (1) inductive coupling between the 
cables (or between conductors connected to them) and 
the lightning path, (2) direct stroke, or (3) metallic con- 
nection with entering open-wire or drop loops, carrying 
lightning potentials, as a result of a direct stroke or 
other causes. Lightning currents from metallic connec- 
tions (by conduction) are usually the principal con- 
sideration in the design of exchange cable protection. 

Lightning current may appear on the open wire, con- ° 20 40 60 80 
nected to the cable, from such sources as direct strokes aie it OORDINATES © *CEEDING 
to the line, conduction from service drops or guys, or Fic. 6. Crest Current Distribution 
from arcs from power-system ground wires. Figure 6 for, Lightning Currents at Exchange 
shows the results of crest current measurements at ex- Og Sai a uctoes Sa 
change cable-open wire junctions. 

Although lightning currents reach cables over both connected drop and open-wire loops, 
it appears that the currents on the drop loops will probably be greater than those on the 
open wire. However, cable plant with drop loops is generally located in built-up areas 
having low-resistance public water systems and various’ types of shielding, whereas open- 
wire plant extends mostly into rural areas where direct lightning strokes are more likely 
to occur and where grounding conditions are not as favorable as in built-up areas. Thus, 
cable damage from lightning currents is more likely to result from open-wire than from drop 
loops. In some locations where cables extend into rural districts and are subject to the 
same lightning exposure as the open wire the current received by the cable from the drop 
loops may be of greater importance than that re- 
ceived from the open-wire loops connected to these 
cables. 

Lightning currents, reaching exchange cable from 
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any source, produce potential differences between 
conductors and between the sheath and conductors 
which, if protection is not provided, may seriously 
damage the sheath and the enclosed conductors. 
The potential differences within the cable, result- 
ing from current on the conductors, depend largely 
on the current wave form. For steep wave-front 
surges, the relatively high self and mutual surge 
impedances are important in determining the poten- 
tial differences; for slower surges or short cables 
(about 1 to 2 miles) these potential differences 
depend more upon the conductor resistances. Fre-| 
quently, the slower surges produce the lower poten-— 
tial differences. Figure 7 illustrates the voltage dis- 


tribution along conductors and sheath for current delivered from an open-wire loop with 
no protector blocks at the junction of the open wire and cable. The aerial cable is not. 
grounded, except through the underground section and the office ground, and contains a 
group of conductors (1) connected to open-wire loops, (2) spare, and (3) working at an 
intermediate point, x, along the cable. 

Potential differences in cables, unless several times the breakdown voltage of the cable 
insulation, do not, in general, cause permanent damage, although the insulation may be 
punctured in numerous places. Remedial measures are, therefore, designed to reduce the 
applied voltages between. conductors and between conductors and the sheath and to limit 
or distribute the current so that permanent failures are unlikely even though punctures 
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do occur. Such measures may consist of (1) connecting protector blocks between conduc- 
tors and sheath where potential differences are most likely to be high and occur frequently, 
(2) providing means of diverting from the cable a substantial part of the current which 
might reach the cable over open-wire or drop loops serving installations exposed to lightning 
strokes, such as radio and fire towers, and (3) placing conductors parallel with the sheath, 
thus increasing the conductivity and reducing the JR drop along the sheath. 

Protector Blocks. One type of protector block, commonly employed between cable 
conductors and the enclosing sheath at the junction of open-wire or drop loops and cables, 
consists of a porcelain block with a small carbon block insert held in place by a quick- 
melting glass cement. The porcelain block is held against a solid carbon block (which 
rests against a grounded metal plate) by a metal spring bearing against the small carbon 
insert. The insert is positioned to provide an air gap between it and the grounded carbon 
block of about 0.006 in. One set of these blocks is provided for each of the two conductors 
of the cable pair. When the current in the air gap is sufficient to melt the cement, the 
metal spring, which is connected to a cable conductor, forces the carbon block insert 
against the ground block, thus grounding the loop wire and cable conductor to which the 
loop wire is connected. 

These protector blocks break down when steep wave front voltages of 1000 to 1500 volts 
are impressed, this voltage range being generally somewhat below the steep wave front 
voltage necessary to puncture exchange cable insulation. Protection is thus provided for 
the cable conductors, having protector blocks, against dielectric failure near to the point 
where these blocks are connected. However, damaging potential differences may occur 
between the protected conductors and other conductors at the point of protection and be- 
tween conductors and sheath at other points. Lower-breakdown protector blocks for 
cable protection do not appear to offer an important improvement in protection and 
generally react unfavorably from the standpoint of maintenance and service. 

Protector blocks applied to working conductors at the junction of open-wire and aerial 
cables (not grounded at intermediate points) reduce potential differences between such 
conductors and the sheath and other conductors, as 
-+- shown by a comparison of Figs. 7 and 8. The curves 
SHEATH in these figures are not drawn to scale, and actually 
the reductions obtained are much larger than can be 
indicated conveniently. With working conductors 
thus protected (Fig. 8), the maximum potential differ- 
ence within the cable usually occurs at the open-wire 
junction between the sheath and spare pairs, and the 
next highest potential difference appears at the junc- 
tion of the aerial and underground cable between the 
sheath and protected conductors. 

When protector blocks are applied to all conductors 
at the junction of open-wire and aerial cables, the 
potential differences between conductors are elimi- 
Fic. 8. Voltage Distribution along nated throughout the cable (assuming an ideal con- 
pees raed eas aro wa haere dition of no grounds on the conductors through station 
Block on Conductors Connected to blocks at other points). The only potential difference 

Wire (Courtesy Bell System) existing in the cable under this condition is between 

the sheath and all conductors, being a maximum at 

the junction of the aerial and underground cable sections and about equal to the JR drop 
on the conductors through the underground section. 

Protector blocks (usually with 10-mil air gaps) for all wires may also be placed along 
the open-wire line, as required, to divert current from the cable. This results in increased 
effectiveness for a given ground impedance, due to increasing the impedance between the 
ground point and the underground cable, over what it would be for a single sheath ground 
at the open-wire junction, and it avoids the adverse effects of a single ground on the sheath. 
Experience indicates that improvements usually result when the open-wire protection is 
placed within about 700 to 3000 ft of the cable terminal and the ground resistance at the 
protection does not exceed about 30 ohms. 

Grounds may consist of several hundred feet of buried wire in high-resistivity areas, or 
rods may be used effectively in low-resistivity areas. Grounds of limited extent have 
impedances about equal to their d-c resistances, but for lengths of wire or pipe greater 
than about 200 ft the d-c resistance decreases with length faster than the impedance. 
Figure 9 shows, for homogeneous earth, the variation of resistance with length of buried 
wire, the earth resistivity being 100 meter ohms. Large variations may be expected in 
these values where the soil has a highly variable resistivity. For grounds of equal d-c 
resistances, the ground of least extent is considered best for grounding purposes although, 
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practically, the neutral of a well-grounded common neutral power system or water piping 
system, if available, will probably provide a better ground than a made ground. 

Shielding conductors placed on the pole line along with the cable or buried below it 
will reduce conductor-to-conductor and sheath-to-conductor potentials by about 50 per 
cent or more. The effectiveness of shielding depends upon diverting part of the current 
from the sheath. This method of current diversion has been limited because more prac- 
ticable methods are available. 

Increasing sheath conductivity by placing bare conductors along the sheath and in 
contact with it will reduce the ZR drop along the 
sheath and potential differences within the cable. 

Other remedial measures include: 

(a) Increasing core to sheath dielectric strength. 
This method is of major importance in toll cables, 
where the voltages between core and sheath appear 
most frequently, but for exchange cable, where the 
voltages between conductors are of more concern, this 
method is of lesser importance. 

_ (6) Employing pole protection wires on exchange 
eables extending into rural areas where cable terminals ° 
are infrequent. OP ENT OF WIRE IN EeeT 

(c) Bonding to power system common neutrals at Fie PSP Cds Pere eens 
frequent intervals in built-up areas where many work- Ground of a Buried Wire (Courtesy 
ing drops are connected through protector blocks to Bell System) 
the cable sheath. In such cases, the cable sheath be- 
comes closely tied in with the neutral through the drops, station protector grounds, and 
power secondary services. By proper bonding (at about 1/4-mile intervals or less) between 
sheath and neutral (assuming the neutral to be continuous and well grounded), the neutral 
forms a parallel path with the cable for lightning currents and provides effective shielding. 
Under such conditions, cable damage from power contacts or lightning tends to be re- 
stricted to a section between the two bonds immediately adjacent to the power source. 

Bonding to the neutral also lowers the sheath impedance and thus assists in prompt 
de-energization of the power circuit in the event of power-circuit contact with the sheath. 

Frequent bonding to the neutral is useful for cable noise mitigation. 

Where bonding between the aerial cable and power neutral is objectionable, with respect 
to corrosion on the associated underground cable plant (as where drainage is used), the 
bonded aerial sheath may be isolated from the underground sheath by installing an insulat- 
ing joint at their junction, reliance being placed in the bonding for the aerial sheath pro- 
tective grounding. 

Experience indicates that it is advisable, in lightning affected areas, to protect all work- 
ing conductors at any terminal, serving any open wire or drop loop over 1/2 mile in length, 
this length being based principally on judgment. 

Some companies (not Bell System) employ, in some cases, fuses (usually 5- or 7-amp 
rating) in conjunction with protector blocks to form a unit-type protector which is usually 
assembled in multiples and mounted in a terminal housing for installation at the junction 
of open-wire or drop loops and the cable. The protector blocks ground the open-wire or 
drop loop when lightning or excessive power circuit 
potentials are applied, and the fuses open the circuit 
when the current coming into the cable over the loop 
exceeds the fuse rating. 

TOLL CABLE PROTECTION (against lightning) 
requirements are similar to those of the exchange 
plant except that the distances are greater, particu- 
larly between grounds. Experience indicates that 
the rate of lightning troubles on aerial toll cables 
apparently does not differ greatly from such troubles 
in buried cables, but the ease of locating and clearing 
1 2 345 10 2030 50 100 these troubles in aerial cables as compared to under- 
PER CENT OF STROKES re RENTS = ground cables indicates less need for comparable 

sacs, ; _ remedial measures on the aerial cables. 
BiGe ADs gist bution, ie ees Figure 10 shows the distribution of lightning 
System) stroke crest currents, based on a large number of 
measurements in the ground structures of power- 
transmission lines, the crest value varying over a wide range. Measurements indicate 
that the crest value is reached in 5 to 10 microseconds and that it decays to half its maxi- 
mum value in 25 to 100 microseconds. The crest value and decay time to half value of the 
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current, rather than wave front’ steepness, are of primary importance with respect to 
voltages between the sheath and conductors of aerial or buried toll cable. 

At a point remote from ground connections, the surge impedance to ground of an aerial 
cable sheath (any size) is about 200 ohms (400 ohms in each direction fromthe lightning: 
stroke). For a crest current of 20,000 amp the sheath-to-ground voltage would be 4 million 
volts. The conductors within the sheath attain about the same potential to ground as. 
the sheath, owing to capacitive and inductive coupling between the sheath and core con- 
ductors. However, some voltage difference does exist between the sheath and core, due 
to the IR drop along the sheath, resulting from the flow of lightning current on the sheath. 
This voltage difference is greatest at the stroke point, decreasing as the distance from the 
stroke point increases. The higher the sheath resistance, the greater this voltage difference 
between sheath and core will be for a given lightning current. 

The dielectric strength between core and sheath, for normal-dielectric-strength cables, 
is for surges about 2000 volts. For high-dielectric-strength cables (having an extra core 
wrap), a 4000-volt value for surges may be assumed. 

After an initial puncture in the insulation near the stroke point, other punctures will 
thus usually occur some distance away in either or both directions. Such puncturing may 
or may not cause permanent failures, depending on the current through the fault. 

A sheath-to-core voltage of breakdown magnitude may develop, owing to: (1) a large: 
sheath current for a relatively short distance, (2) a smaller sheath current over a longer 
distance, or (3) a combination of (1) and (2), depending on the ground paths from the 
sheath and their locations with respect to the lightning stroke. Permanent damage is 
likely to result from the large current transfer through the punctures in condition (1) 
but is not so likely in (2) because of the smaller transfer of current from sheath to con- 
ductors under this condition. 

The voltages in buried cables are usually due to large sheath currents over short distances 
(less than 1/2 mile), so that permanent damage is likely at puncture points. 

The protection of aerial toll cables may consist of (1) pole protection wires (wires bonded 
to the sheath and extending down the pole to the pole butt or to a point near the ground 
line), (2) aerial shield wires, (3) buried shield wires, (4) high-dielectric-strength cable (with 
double core wrap), (5) shields within the cable, or (6) protector blocks at open-wire junc- 
tions or out from the junction about a mile on the open wire. 

Pole protection wires may serve not only to protect poles against splintering but also 
to provide protection to aerial cables in lightning exposures. Data show that for such 
wires, properly spaced along an aerial cable line, the voltage between sheath and core, due 
to a stroke, decreases as the number of such wires increases up to about 10 for 100 meter 
ohm resistivity and up to about 20 for 1000 ohm resistivity. However, in uniform ex- 
posures,“the effectiveness of these wires decreases for aerial cables having both toll and 
exchange conductors as the interval (of the order of 
1 mile) between subscriber drop locations decreases, 
owing to the low-breakdown path from sheath to 
ground over the drop loops which substantially short- 
circuits the pole protection wires. 

The effectiveness of these wires may be lowered 
where a large number of them are employed, as the 
result of current distribution along the sheath to such 
grounds from the stroke point increasing the net 
sheath-to-core voltage. By using proper length gaps 
in the wires, the number of conducting grounds may 
be limited to an optimum value. 

Where pole protection wires are not adequate to 
give required lightning protection to aerial cables, 
aerial or buried shield wires may be of advantage. 
Fig i eh acters tee Ae The reduction in core-to-sheath voltage by aerial 

Shield Wires (Courtesy Bell System) Shield wires which are bonded to the sheath at each 

pole is normally substantial, as shown by the shield 

factors, Fig. 11. When an aerial cable is provided with buried shield wires, the voltage 

from a direct stroke is about the same as that for a buried cable of the same size with 
similar shield wires. 

High-dielectric-strength cables should generally be employed in new installations. The 
choice of this type of cable may obviate the necessity of other remedial measures, but in 
any event its higher dielectric strength is an advantage since, if the strength is doubled, 
the stroke current must be increased 3 times to puncture the insulation. 

Communication plant may be damaged by contact with high-voltage wires or power 
distribution circuits. The most important consideration in protecting cables from power- 
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wire contact is to so locate, construct, and maintain the communication and power circuit 
plant that contacts will not occur. 

Aerial cables are grounded at offices, through their connection to the underground cable 
plant, underground dips, and private cable entrances, as well as other frequent grounding, 
such as, in some cases, to multigrounded power circuit neutrals. This practice contributes 
to provide a low-impedance ground to de-energize the power circuit promptly in case of 
contact with the cable plant. 


27. CABLE SHEATH CORROSION 


ELECTROLYSIS. Electric currents, flowing in the earth, may result from (1) stray 
currents from d-c street-car (trolley) or electrified railway systems, (2) stray currents from 
commercial d-c power distribution systems, (3) differences in the chemical composition of 
films on the cable sheath at different locations, (4) differences between the composition 
of films on sheaths of different cables at the same location, (5) differences in the electrolyte 
at different places, or (6) a number of other conditions. These currents passing through 
damp ground cause chemical changes to take place at electrode surfaces, such as cable 
sheaths, which may or may not affect the electrodes. 

Cable sheath corrosion may, in general, be considered as occurring in: 


1. Stray-current areas. 
2. Non-stray-current areas. 


The principal causes of cable sheath corrosion are: 


1. Stray current-anodic action. 
2. Stray current-cathodic action. 
3. Localized action. 

4. Galvanic action. 

5. Chemical attack. 


Stray-current areas are commonly designated as those in which the cable-to-earth 
potentials and sheath currents are established principally by currents straying from the 
rails of d-c transportation systems and utilizing other paralleling paths of relatively low 
resistance in the earth, such as cable sheath or public water piping. 

Where the stray current enters the sheath the cable is negative (cathodic) to the earth, 
and where it leaves the sheath the cable is positive (anodic) to the earth. 

Non-stray-current areas are those in which corrosion may occur from other than 
stray currents. Currents in these areas usually result from potential gradients due to 
such causes as differential aeration, differential electrolyte concentrations, non-uniformi- 
ties in the sheath metal, or potential differences between different metals. 

Current from stray-current areas may flow in non-stray areas, such as along an under- 
ground toll cable sheath extending between cities where street cars operate. Current, 
usually considered as ‘‘non-stray”’ current, such as that resulting from galvanic potentials, 
may also be present in stray-current areas, although its effect is largely overshadowed by 
the stray currents in these areas. 

Anodic corrosion, due to stray currents, results because: 

1. The metal becomes positively ionized and goes into solution. 


Pb — 2e — Pbhtt (e = electron) 


2. The anions (ions bearing negative charges and migrating to an anode) in the elec- 
trolyte are attracted to and contact the sheath, where they lose their charge, become 
chemically active, and attack the lead sheath. 

If the ions are chlorine 

Cl--—-e— Cl 
and 
Pb + 2Cl — PbCl, (lead chloride) 

Note: A positive ion, in the case of Pb**, is an atom from which two electrons have been removed; 

a negative ion, in the case of Cl", is an atom to which one extra electron has been added. 


In anodic action, a corrosion product does not always adhere to the sheath, and a clean 
corroded area on the sheath is regarded as due to such action. The corrosion product, if 
present on the sheath, is usually lead chloride or lead sulfate or both. The sheath poten- 
tial, being positive, attracts chloride and sulfate ions in the ground water to the sheath, 
and these ions react with the lead. Under severe anodic conditions lead peroxide, PbO:, 
may be formed. This product has a chocolate color; the products of chloride, sulfate, and 
carbonate of lead are white. 
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Cathodic corrosion, due to stray currents, though not as yet reproduced in the laboratory, 
might possibly occur when the cables are negative to earth and the surrounding earth 
contains alkali or salts of sodium, potassium, calcium, or magnesium. Hydrogen ions in 
the electrolyte, under such conditions, are attracted to the sheath, lose their charge, and 
are liberated, resulting in a decrease in hydrogen-ion concentration and making the elec- 
trolyte alkaline. The alkali forms most rapidly and with greatest concentration at points 
of maximum cathodic current density. The attack on the sheath is, therefore, not uniform 
and usually affects only a relatively small part of the sheath. 

In the case of sodium salts, the reaction with the lead is: 


Ht+e—-H 
Nat + OH- — NaOH (sodium hydroxide) 


The sodium hydroxide forming at the sheath dissolves the lead, and the final reaction 
usually results in the formation principally of lead monoxide, PbO, lead carbonate, and 
sodium carbonate. The sheath pitting may be similar to that caused by anodic action, 
but the cathodic corrosion is characterized by the usually bright orange-red color of the 
lead monoxide. 

Galvanic action usually results when two dissimilar metals are in electric contact with 
an electrolyte and also are metallically connected. Where cables and bare copper or gal- 
vanized cable rack supports are present in a flooded manhole, galvanic action may occur. 
Lead is anodic to copper and cathodic to the zine galvanizing, the anode corroding in each 
case. Corrosion may appear, in the presence of moisture, on wiped joints and soldered 
seams on cable sleeves, where the solder may be anodic to the lead. 

When two dissimilar metals in an electrolyte are connected metallically, the metal with 
the higher solution pressure becomes the anode and corrodes. Current passes from the 
anode through the electrolyte to the cathode and completes the circuit to the anode through 
the metallic connection. 

In alkaline solutions, lead tends to become electronegative and may be anodic with 
respect to another metal such as iron. Thus, lead corrosion may result where cable is 
installed in iron conduit and such solutions are present. Under these conditions current 
may pass from the lead through the solution to the iron and return to the lead at points 
of metallic contact between the iron conduit and the sheath. 

Local action between adjacent areas of the sheath may result from variations in sheath 
material, such as foreign particles in the lead, and from differences in surface conditions 
due to abrasion. Corrosion from the action, under anodic conditions, may occur in spots 
rather than uniformly over the sheath surface, and if the action continues for a period of 
years sharply defined pits may appear in the sheath. 

Concentration cells may be formed by a change in the concentration of the salts in an 
electrolyte, causing corresponding changes in the potential of a given electrode in contact 
with the electrolyte; or by two electrolytes, with equal concentration of different salts, 
producing different electrode potentials on the same metal. Such a cell might be established 
by waste products from a factory or sewer entering a sloping conduit (with cable) at a 
conduit joint and concentrating along a section of sheath. The cell might then result be- 
tween the section of sheath having the concentration and an adjacent section not affected 
by the waste. 

Differential aeration, which may be considered a special form of concentration cell, 
results in sheath corrosion, owing to a variation in the concentration of dissolved oxygen 
in the electrolyte in contact with the sheath. Where a sheath is continually wet by water 
dripping or condensing on it, there will be more oxygen in the moisture exposed to the air 
than where the moisture is shielded by an absorbent material such as a layer of silt on the 
sheath. The cable sheath in contact with the electrolyte with a deficiency of oxygen will 
be anodic and subject to corrosion. 

Battery action in the soil might result in sheath corrosion where the sheath was not one 
of the cell electrodes but acted as a conductor of the local current. As an example, if an 
iron pipe passed through a bed of cinders which acted as a carbon electrode, and the 
adjacent section of pipe was in contact with ordinary soil, a cell would be established with 
the carbon electrode negative to the adjacent section of pipe. Part of the resulting current 
from this section might enter a nearby paralleling cable sheath and leave the sheath near 
the cinders, at which point sheath corrosion might result. 

Protective films formed over the sheath by natural processes are usually helpful in pre- 
venting sheath corrosion. Films formed from silicates are generally continuous, adherent, 
insoluble, and helpful, whereas films resulting from nitrates in the soil tend to prevent film 
formations and thus aid corrosion. 
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REMEDIAL MEASURES for controlling corrosion are varied and often complex, be- 
cause the problems of corrosion may differ over a wide range of causes and conditions and 
extend over relatively large areas. 

Generally, the first considerations in the control of cable sheath corrosion are electrical, 
involving a thorough study of electrical conditions affecting the cable plant. Chemical 
control can sometimes be used successfully where electrical methods are not practicable. 
The general attack on sheath corrosion problems by electrical methods consists of: 

1. Limiting current entering the sheath to the extent practicable. 

2. Providing metallic paths by which current entering the sheath may leave it without 
damage to the sheath or other metallic structures. 

Protective arrangements of any nature should be such as to minimize the probability 
of impressing current on other underground plants, either privately or publicly owned. 

The limitation of current pick-up by a given underground cable sheath requires that the 
sheath be kept free of all connections to other grounded metallic structures except those 
connections specified as part of the general remedial plan, and that the sheath should not 
be made more negative to earth in any area than is necessary under practical design. 

The cable sheath should be maintained at slight negative potential to earth to (1) limit 
current pick-up which increases with increase in negative potential, (2) lessen the possi- 
bility of large positive pipe-to-cable voltages, and (3) reduce the chances for cathodic 
corrosion. 

The increasing use of bonding between aerial cables and multigrounded power neutrals 
for noise induction and protection reasons increases the tendency to discharge current to 
the underground cable plant. Insulating joints may be used at underground-aerial cable 
junctions, where required, and electrolytic capacitors may be employed to bridge the 
insulating joint if capacitors are necessary for noise induction or protection purposes. 

Cathodic corrosion of sheaths may occur where the cable-to-earth potential exceeds a 
few tenths of a volt negative. In the presence of salts this potential may not be over 0.2 
volt; under other conditions cathodic corrosion will not result at any potentials encoun- 
tered, where an effective drainage system exists. 

For this type of corrosion, it is essential to maintain low negative cable-to-earth poten- 
tials by using (1) an adequate drainage system, (2) insulating joints shunted by resistors 
if necessary, (3) corrosion-protected cables for replacement of cables which fail, (4) periodic 
flushing of ducts which accumulate alkali, or (5) reverse drainage employing controlled 
currents to the cables by connecting to positive points on rail systems or to pipes (expe- 
rience limited). 

Other underground structures, such as public water or gas piping, are also drained in 
many areas. A metallic piping system in direct contact with the earth usually has a very 
low leakage resistance, and any reduction in its potential by drainage tends to lower the 
earth potential in its immediate vicinity. Where the earth potential is thus lowered, the 
current discharge from nearby telephone cables tends to increase. This condition may 
complicate the telephone cable drainage scheme, but generally, owing to the low leakage 
resistance of the piping system, the adverse effects are not extensive. A coordinated 
drainage plan for all underground systems is usually necessary where two or more systems 
serve the same general area affected by stray currents. 

Anodic corrosion, which is the only type of corrosion that has been found so far in non- 
stray areas, results from current leaving the cable sheath for any reason. This type of 
corrosion may be due to: (1) currents flowing from the cable into the electrolyte in the 
duct and back to the cable without leaving the duct, as a result of differential aeration, 
differential electrolyte concentration, or non-uniformity of the sheath composition (though 
this type of corrosion is local, many such local cells may exist along a cable and cause 
corrosion over a long section of the cable); and (2) currents flowing from the cable to the 
electrolyte in the duct, thence to the earth outside of the duct, and finally returning to the 
cable at some relatively remote point. In (2) the driving electromotive forces may result 
from the same causes as given in (1) above, but the cells are materially lengthened and 
the currents are known as long cell currents. Such electromotive forces may result from 
potential gradients in the earth due to currents associated with corrosion cells on long 
paralleling piping or to other natural causes, including magnetic storms; or they may 
result from a potential established as a result of sheath contact with other metal, such as 
copper or iron piping; or they may result from remote railway currents flowing into the 
non-stray area. 

TESTING METHODS AND MITIGATIVE MEASURES, as employed in non-stray- 
current areas, are, in general, somewhat similar to those employed in stray-current areas, 
but various testing refinements are usually required in the non-stray areas. For example, 
in determining the JR drop or direction of current flow in the earth as it may affect under- 
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ground cable sheath, it is necessary to employ electrodes, for contacting the earth, which 
are identical in potential or differ by a known and constant potential. Such an electrode, 
designated a half-cell, consists of a non-conducting container enclosing a metallic electrode 
suspended in an electrolyte. The electrolyte fills a porous cap, which forms the bottom 
of the container and through which the cell makes contact with the earth. This cell makes 
use of the fact that the potential difference between electrolytes varies over a very small 
range as compared to the potential difference between metals when used as electrodes. 

Experience has shown that corrosion is not usually a problem with respect to buried 
jute-protected, tape-armored, and thermoplastic-covered cables in non-stray areas. 
Electrical tests on such cables in non-stray areas are not, in general, considered necessary. 

Forced drainage has been successfully employed in anodic areas in the protection of 
underground cable plant in non-stray areas. Random contacts between telephone cables 
and other metallic structures, such as water piping and steel buildings, usually interfere 
with effective drainage of the cables and should be eliminated, although other considera- 
tions, particularly noise induction and protection, may impose numerous difficulties and 
problems in such eliminations. 

Forced drainage requires a separate d-c source of potential, such as a rectifier (commonly 
used) or a battery, with the negative terminal connected to the cable sheath and the posi- 
tive terminal connected to a negative bus or special ground. Current is forced from the 
sheath to the bus or ground. 

Rectifiers available for drainage purposes have suitable d-c voltage and current outputs 
and usually operate from either 115- or 230-volt a-c commercial supply. They are made 
in several types, including dry-disk and tube types, by a number of electrical equipment 
manufacturers. 

Galvanic anodes requiring no external power supply may provide the required amount 
of forced drainage under favorable conditions when buried in the ground and connected 
to the sheath by copper wire. The anodes may consist of a metal negative to lead, such as 
zinc, aluminum, or magnesium. Magnesium appears favorable, because of its relatively 
high negative potential (about 1 volt) to lead. The anode, being buried in the soil and 
discharging current, will gradually be consumed. 

To ke effective, the anode must have a low resistance to ground, and this depends on its 
shape and the surrounding earth resistivity. For a cylinder 4 in. in diameter by 20 in. 
long, the resistance to ground (without special environment) is about equal to the earth 
resistivity in meter ohms. 

Chemical attack usually requires an analysis of the corrosion products and a determina- 
tion of the source of the chemical attacking the cable sheath in order to apply suitable 
remedial measures. Chemists may be of assistance, in difficult cases, in determining the 
nature of the attacking chemicals. Lead monoxide corrosion is indicative of cathodic action 
or alkali attack. Very few cases show a definite single cause of corrosion. The previous 
history of corrosion of the affected cable may be of value in arriving at the causes of the 
corrosion. 

Alternating current, principally because of its rapid and equal reversals of potential 
between positive and negative values, is not considered an important cause of cable sheath 
corrosion. 

Corrosion-protected cable for installation in underground conduit can be made available 
with the same core make-up as the plain lead-covered cable with which it may be asso- 
ciated. This protected cable may be useful where the lead sheath would be subject to 
corrosive action without the protection and where it is more attractive than other remedial 
measures. This type of cable may be employed in situations such as (1) near chemical 
plants or other locations where chemical attack has been experienced or may occur, (2) 
where alkaline attack (cathodic action) might develop, or (3) where corrosion has occurred 
in subsurface dips. 

One type of protection consists of two reversed layers of Sisalkraft paper and an outer 
layer of rubber-filled tape, the sheath and each layer being flooded with an asphalt com- 
pound. A non-adhesive coating is applied on the outside covering to prevent sticking in 
handling. The protection increases the cable diameter about 0.2 in. 

Suitable alarms and pilot wires to a centralized maintenance center may be employed, 
when facilities are available and as required, to indicate critical changes in potentials and 
current flow affecting the cable plant. 
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COORDINATION OF COMMUNICATION 
AND POWER SYSTEMS 


By John D. Taylor and Howard L. Davis, Jr. 


28. FOREIGN WIRE RELATIONS 


In order to insure safety to persons and property, economy of operation, and good 
service, in areas served by both overhead communication and power systems, it became 
evident, as the systems began to expand, that the companies involved should establish 
and follow a plan of cooperation in the construction and operation of their respective 
plants. For a number of years individual cooperative efforts were carried on, but the spe- 
cific solutions of the problems that developed were not applicable in a general way. 

Early in 1921 steps were taken by both interests on a nationwide scale to formulate a 
basis of common understanding and to establish permanent joint committees and sub- 
committees for study and recommendations relating to mutual problems. As a result of 
continuous study and research by these subcommittees and sponsors, the Joint General 
Committee of the Edison Electric Institute and Bell Telephone System prepared, and the 
representative interests approved, several general reports, of which the following are the 
principal ones in effect today: 

1. Principles and Practices for the Inductive Coordination of Supply and Communication 
Systems, Dec. 9, 1922.* 

2. Principles and Practices for the Joint Use of Wood Poles by Supply and Communication 
Companies, Feb. 15, 1926.* 

3. Inductive Coordination—Allocation of Costs between Supply and Communication 
Companies, Oct. 15, 1926.* 

In general, the Principles and Practices provide, in addition to other important items, 
that 

(a) All supply and communication circuits with their associated apparatus should be 
located, constructed, operated, and maintained in conformity with general coordinated 
methods based on the concept of rendering either service without interference. 

(b) Where general coordinated methods will be insufficient, suitable specific coordinated 
methods should be applied, most conveniently and economically, to prevent interference 
with either service, present and known future factors being taken into account. 

(c) The companies serving any given area should fully cooperate with each other in 
carrying out the accepted principles, based on arriving at the best engineering solution of 
each situation, as it arises, for all the companies involved. 

(d) Where conditions and the nature of the supply and communication circuits permit, 
joint use of poles (particularly in urban areas) is generally preferable to separate lines, 
when justified by considerations of safety, economy, and convenience, and assuming that a 
satisfactory agreement is reached between the parties concerned. 

(e) When supply and communication facilities occupy the same section of highway and 
joint use is not desirable, each type of facility should be confined to one side of the high- 
way, as far as practicable, thus avoiding unnecessary crossings and expensive guying. 

(f) In the design, construction, and operation of supply and communication circuits 
and equipment, all factors contributing to inductive influence, inductive couplings, or 
inductive susceptiveness under normal or abnormal operating conditions should be limited 
to the extent necessary and practicable. f 

(g) Each utility shall be the judge of the quality and requirements of its own service 
and the type and design of its own facilities. f 

(h) Coordination costs in any given situation of proximity, assuming that satisfactory 
results have been attained under the best engineering solution, will generally be allocated, 
so that each company involved bears its equitable portion, including its own betterments. 

The basis for cooperation, as set forth in detail in the Principles and Practices, has con- 
tributed immeasurably to the excellent foreign wire relations existing among the many 
wire-using companies who supply electric and communication services throughout the 
country. 

The cooperative plan was later extended to provide for a Joint General Committee of 
the American Railway Association (now Association of American Railroads) and Bell 
Telephone System in 1929, a Joint General Committee of the Edison Electric Institute 


* These reports are now combined as Reports of Joint General Committee of Edison Electric Institute 
and Bell Telephone System on Physical Relations between Electrical Supply and Communication Systems, 
reissued July 1945. 
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and Western Union Telegraph Company in 1935, and a Joint General Committee of the 
Association of American Railroads and Edison Electric Institute. 

When power and communication facilities serve the same areas and are supported on 
overhead structures and where the two types of facilities are in close physical relation or 
inductively coupled or both, situations of proximity generally are unavoidable. Communi- 
cation facilities, operating at relatively low voltages and currents, are not designed to 
withstand the normal or abnormal power circuit voltages and currents which may be 
impressed upon them by direct contact or, in severe influences or couplings, by induction. 
In some cases of contact or induction, the service may be only interrupted or degraded, 
but in more severe situations the service may be interrupted and the facilities damaged 
with or without personnel hazard. 

It is thus imperative that the Principles and Practices be closely adhered to, in order 
that both services may be furnished the public in a safe, economical, and satisfactory 
manner. 

The design and application of coordinative measures by the wire-using companies in- 
volve two broad fields of coordination, structural and inductive. Both fields have been 
for a number of years and will continue to be under intensive study, directed toward im- 
proving methods and securing further economies without sacrificing but, when practicable, 
bettering present safety and service. 


29. STRUCTURAL COORDINATION 


Structural coordination, as the name implies, consists of planning, designing, construct- 
ing, and maintaining the physical overhead plant of each company, with due consideration 
for the plans and plant of all other companies involved, so that safety and overall economy 
will be attained. 

SITUATIONS OF PROXIMITY are created when power and communication lines are 
so located with respect to each other as to parallel, cross-over, occupy the same poles 
(joint use), or require consideration of line wire, guy, or pole-mounted equipment clear- 
ances. The overbuilding of one type of service by the other is considered objectionable, 
joint use usually being the better solution, with the power wires in the upper position in 
all cases of proximity. 

The National Electrical Safety Code, Fifth Edition, Part 2 ( National Bureau of Standards 
Handbook H32), issued Sept. 23, 1941 (hereinafter referred to as the Code), which has 
been approved by the American Standards Association, presents Safety Rules for the 
Installation and Maintenance of Electric Supply and Communication Lines. These rules 
embody specific minimum requirements, and, though not complete, they are intended to 
cover those points which are most important for the safety of employees and the public. 
This code is acceptable to the various wire-using organizations throughout the country 
and, except as modified by more exacting state or local regulations, is applied, together 
with the Principles and Practices discussed previously, generally throughout the country. 
Where a certain coordinative problem arises, not specifically covered in the Code, the 
companies involved agree on the best engineering solution for the problem. The Code 
also provides for modifying or waiving its requirements in any given case where such 
requirements are inapplicable, not justified, or impracticable, or where equivalent or safer 
construction can be more readily provided by other means. It is, therefore, a practicable 
and flexible guide. 

Structural requirements and clearances between electric, railway, and communication 
structures, wires, and equipment must be adequately provided for, as set forth in the Code. 
Owing to the large amount of detailed information necessary in specifying these require- 
ments under the numerous conditions encountered in practice, they will not be given here, 
but they may readily be obtained from the Code. 

Certain fundamental concepts (other than those previously enumerated under Principles 
and Practices) in this work are generally accepted as good engineering practice and may 
be stated in general terms: 

(a) The mechanical design and construction of electric (supply) and communication 
systems should conform to good modern practice. 

(b) When changes are made in systems or methods of operation, consideration should 
be given to decreasing inductive influences and susceptiveness, when practicable. 

(ec) Coordinated systems should be maintained, so that abnormal conditions affecting 
either service will be minimized and prompt action will be taken to eliminate such condi- 
tions when they do occur. 
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(d) Supply, communication, and trolley circuits should occupy levels in the order 
named, with supply circuits at the top level. Also, where supply lines carry different 
voltages, the higher-voltage lines are usually placed above those of lower voltage. 

(e) Joint use should be considered when it can be employed with reasonable safety and 
convenience, economically, and without appreciable service detriment. 

JOINT USE of poles is a very desirable means of coordinating supply and communi- 
cation facilities where this type of construction is feasible. Various types of construction 
are employed, depending upon the types of facilities involved, but in any case the con- 
struction is designed to conform to the latest practices and safeguards. 
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Fic. 1. Relative Position of Attachments, Showing Vertical Clearances and Climbing Space (Joint 
Pole Practices for Supply and Communication Circuits, Oct. 29, 1945) 


For joint-use construction, commonly employed in urban areas for local distribution, 
Figs. 1, 2, 3, and 4 show the usual typical construction features and clearances considered 
good modern practice and meeting Code requirements. Adequate clearances are essential 
for the protection of personnel and property. 3 

Normal joint-use construction is applicable to construction involving communication 
cables or conductors and supply cables or conductors of the following types: 

(a) Constant-potential a-c supply circuits normally operating at voltages between 750 
and 5000 volts between conductors and not over 2900 volts to neutral or ground. 

(6) Constant-current supply circuits of not more than 7.5 amp regardless of the voltage, 
and of more than 7.5 amp where the open-circuit voltage of the supply transformer is not 
more than 2900 volts. 

(c) Constant-potential a-c supply circuits normally operating at more than 5000 volts 
between conductors or more than 2900 volts to neutral or ground, and constant-current 
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Fic. 2. Supply Transformer Installation, Showing the Separation from Communieation Cables and 
Conductors (Joint Pole Practices for Supply and Communication Circuits, Oct. 29, 1945) 


supply circuits of more than 7.5 amp where the open-circuit voltage of the supply trans- 
former is more than 2900 volts, provided that: 

1. The supply and communication circuits are so constructed, operated, and maintained 
that the supply circuits will be promptly de-energized, both initially and following subse- 
quent breaker operations, in the event of contact with the communication plant. 

2. The voltage and current impressed on the communication plant, in the event of a 
contact with the supply conductors, are not in excess of the safe operating limit of the 
communication protective devices. ; 


Note: Where conditions 1 and 2 above are not met, special joint-use construction is required, unless 
the parties concerned agree that the additional protection, required under (c) above, is unnecessary or 
except in the case of certain drop wire attachments. 


(d) Any effectively grounded supply cables, located above communication cables or 
conductors or carried on effectively grounded suspension strand, where the supply voltage 
between conductors is more than 750 volts. 
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lee a (PART 2-PAR, 11.07) 
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(PART 2-PAR. 11.10) = 
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(PART 2-PAR. 11.05(8)) 


SUPPLY VERTICAL RUN ON 
PINS AND INSULATORS 


(PART 2-PAR.11.05(a)) > —— 

NOTES: a 

1, DRAWINGS ARE ILLUSTRATIVE ONLY. RE- x 
QUIRED SEPARATIONS MAY NECESSITATE oe 
LOCATING ATTACHMENTS AT OTHER THAN ‘see Nore aa 


THE SAME LEVEL 


2. 45° WHERE PRACTICABLE, BUT IN NO CASE 
SHALL VERTIGAL RUNS HAVE A CLEARANCE = 
OF LESS THAN 2 INCHES FROM THE NEAR- 
EST METAL PART OF THE EQUIPMENT OF 
ANOTHER PARTY (PART 2-PAR. 11.02) 


3. REFERENCES, SUCH AS (PART 2-PAR.1I.08) 
REFER TO THE TEXT IN A REPORT OF THE 
JOINT COMMITTEE ON PLANT COORDINA- 
TION OF THE EDISON ELECTRIC INSTITUTE 
AND THE BELL TELEPHONE SYSTEM, ENTI- 
TLED “JOINT POLE PRACTICES FOR SUPPLY 
AND COMMUNICATION CIRCUITS,” ISSUED = 
OCTOBER 29,1945, STREET SIDE 


Q<--- VERTICAL COMMUNICATION 
CABLE COVERED OR ENCLOSED 
(PART 2-PAR. 11.08) 


Fie. 3. Location of Vertical Runs (Joint Pole Practices for Supply and Communication Circuits, 
Oct. 29, 1945) 


The requirements for normal and special joint use conform to Code Grade C and B 
construction, respectively, applying mainly to supporting structures, supply conductors, 
and clearances. 

JOINT-USE RURAL LINE CONSTRUCTION at the higher voltages (above 5000 
volts) for power and telephone services, though recognized for some time as the best 
engineering solution for many situations of power and telephone lines along the same route 
and though employed in various specific cases, has presented a number of problems in co- 
ordination. In particular, the longer spans and higher voltages for the power circuits and 
the increased noise induction from the longer exposures than are normally encountered in 
joint-use urban construction are main factors. The rapid growth, within about the last 
decade, of rural electrification has greatly emphasized the necessity for a study and solu- 
tion of these problems, to permit a more general application of rural joint-use construction. 

For the purposes of study of safe and economical rural joint-use construction at the 
higher voltages, several projects of this type were completed and placed in service before 
1947 in Alabama, in the light-loading district, and in Minnesota and South Dakota, both 
in the heavy-loading district. 

The NES Code (Fifth Edition of Part 2) provides that, if the supply circuit will be 
promptly de-energized in the event of accidental contact with the telephone plant, and the 
resulting voltages on the telephone plant from such a contact will be within the operating 
capabilities of the telephone protective equipment, Grade C construction may be employed 
in joint use. This provision of the Code has an important bearing’on the problems involved 
inflong-span rural joint use. 

For long-span construction, high-strength line wires are necessary; they are generally 
of stranded copper or aluminum with one or more strands of steel for power circuits, and 
of high-strength solid steel or copper-covered steel for telephone circuits. The minimum 
size of power wire for Grade C construction under the Code is No. 8 AWG medium-hard 
drawn copper. 

With high-strength line wires for both power and telephone conductors, it was assumed 
that their sag characteristics would be sufficiently alike to prevent contacts in the span 
under ice or wind loadings or temperature changes, with reasonable minimum separations 
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of the two classes of conductors at the poles. It was also assumed that a very large per- 
centage of rural power circuits would consist of one phase wire on a pin at the top of the 
pole and a multigrounded neutral below it on a pin or secondary rack, or that the primary 
circuit would consist of two or more primary wires on a cross-arm at the top of the pole 
and that the multigrounded neutral, if present, would be located on the same cross-arm 
or below it. 

Where joint rural lines cross fields or other property, which is or is likely to be traversed 
by loaded vehicles or farm machinery, adequate wire clearances should be provided. 


beau GUYS (NOT PARALLEL TO LINE) SHALL CLEAR SUPPLY 
7 LINE CONDUCTORS ATTACHED TO THE SAME POLE 
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COORDINATION OF THE EDISON ELECTRIC INSTITUTE AND 

THE BELL TELEPHONE SYSTEM, ENTITLED “JOINT POLE 

PRACTICES FOR SUPPLY AND COMMUNICATION CIRCUITS," 

ISSUED OCTOBER 29,1945 


Fria. 4. Use of Strain Insulators in Ungrounded Guys (Joint Pole Deactices for Supply and Communi, 
cation Circuits, Oct. 29, 1945) 


Span lengths in the Alabama installations of rural joint use average about 400 ft with 
maximum spans of 600 to 800 ft. In Minnesota and South Dakota, the loading conditions 
being more severe, the average and maximum span lengths are about 320 ft and 400 ft 
respectively. 

For noise induction reasons, the separations between the power and telephone circuits 
should be kept as uniform as practicable without incurring undue costs or construction 
difficulties. (See article 31.) 

Electrical protection, to meet requirements, should provide: (a) fuses, circuit-breakers, 
or other devices, which will promptly and reliably de-energize the power circuit, if a ground 
fault of relatively low impedance occurs; (b) protective gaps, to be connected between the 
telephone circuit and the common neutral (or other low-resistance ground) at such intervals 
that the impedance to ground of the telephone plant, in case of a power wire contact, will 
be low enough to permit proper operation of the power protective devices. 

As experience indicates that the frequency of contacts is very low, the power protective 
arrangements are usually more than adequate to meet the above requirements. The tele- 
phone circuits in the joint projects, referred to above, employ protectors having a 3-kv 
(rms) breakdown to ground, placed at about !/2-mile intervals, thus providing a low-im- 
pedance path to ground. The current-carrying capacity of the protector must be sufficient 
to meet the discharge which may result from a contact. 
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As a means of limiting induced 60-cycle open-circuit voltages (under normal operation) 
on telephone circuits, which are occasionally disconnected from the central office equip- 
ment and entrance cables, a drainage device, consisting of a 0.25-uf condenser in series 
with a 10,000-ohm resistor from each wire to ground, may be used. 

Although experience at present is limited, the feasibility of higher-voltage long-span 
joint use in rural areas has been established, and economic studies in progress indicate 
that worth-while economies are possible for most new extensions and sometimes even 
where power lines have already been built. 

HIGHER-VOLTAGE CROSSINGS (involving supply lines of more than 5000 volts 
between wires or 2900 volts to neutral or ground) are given special consideration to min- 
imize possible contacts between supply and communication circuits. The Code require- 
ments for spacings, clearances, and strength of construction are considered to be minimum 
and represent the generally accepted practices (except as modified by more exacting state 
or local regulations) throughout the United States. 

RURAL POWER LINE CARRIER TELEPHONE SYSTEMS, where applicable, are 
being placed in operation throughout the country as a means of providing telephone service 
to rural subscribers who are accessible from rural power-line systems but not readily so 
from rural telephone lines. Although these carrier telephone systems are still in their 
early trial periods, it appears that they will eventually be economically useful in furnishing 
telephone service to distant farms and ranches which would otherwise require costly 
telephone-line construction to reach. Joint practices and agreements covering this type 
of operation are in the formative stage. 

A more detailed description of this carrier system and its associated installation and 
operating features is given in Section 17. 


30. INDUCTIVE COORDINATION 


Inductive coordination, as it applies to supply (electric) and communication companies, 
embraces the principles and practices, agreed upon by these companies, for the design, 
location, construction, operation, and maintenance of their respective systems, located in 
the same general territory, in such manner as to prevent interference with the furnishing 
of either the electric or communication service. 

Since much of the general public throughout the country receives both electric and com- 
munication service by means of overhead construction, it is inevitable that many situations 
of proximity between the two services will be created under a wide variety of construction 
and operating conditions. Also, telephone circuits usually transmit relatively low amounts 
of electrical speech power (varying from less than 1 to a few milliwatts), whereas electric 
transmission and distribution circuits transmit power ranging from a few to hundreds and 
thousands of kilowatts. Owing to the much greater amounts of power carried by these 
circuits, not only at the fundamental but also in many cases at harmonic frequencies within 
the voice-frequency range, inductive effects from power circuits may, under certain condi- 
tions of proximity and operation, severely affect communication service, if proper control 
is not provided. 

The control of inductive interference in communication circuits, to permit giving a 
satisfactory service, is accomplished through the application of general coordinated 
methods, or, when required, by applying specific coordinated methods, as set forth in the 
Principles and Practices, discussed in article 28. 

There are two general classifications of inductive interference, namely: (a) noise fre- 
quency (induction from power harmonics within the voice-frequency range); (b) low- 
frequency (induction from the power fundamental frequency, usually 60 cycles, during 
abnormal power circuit conditions). 

Inductive effects between power and communication circuits arise from the fact that 
power wires, transmitting relatively large a-c voltages and currents, establish strong elec- 
tric and magnetic fields in their vicinity, which, owing to their varying character, set up 
in nearby communication wires alternately increasing and decreasing electric voltages and 
currents of the same frequencies as those in the power wires. Induction from communica- 
tion to power wires would have no noticeable effect in any event on power service, because 
of the small amount of power carried by the communication wires and the nature of the 
power service. 

It is often desirable to consider effects of magnetic and electric induction separately, 
particularly in the technical analyses of specific problems. This is not only because the 
physical processes and the effects of voltage and current induction are quite different but 
also because the power-circuit voltages and currents are often affected differently by 
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changes in conditions, Wlectrie induction is due to the voltages on the power line; mage 
notic induction is due to currents on the power line. 

Theoretically, electric and magnetic induction are produced as described briefly below. 

A simple method of visualizing electric induction is by means of the capacitances in- 

volved with a single power wire and a single telephone wire, as shown in Fig. 5. Neglecting 

the impedances outside the exposure (shown dotted in Fig. 5), the voltage of the power 

wire to ground (Hp) divides over the capacitances Crp and C79 in proportion to their 

impedances (that is, in inverse ratio to 

+ yoo their capacitances). The induced voltage 

tv (£7) on the telephone wire may therefore 


mr erat C noe be expressed mathematically as: 
1? oe 
| Cee 9 Crp 


' 7” Cm Crp) ® 
: Impedance 


Ep ie Longitudinal 

a“ _~ Currents, 

f to Ground Where there are numerous power and 
telephone wires, capacitances exist be- 
tween every possible combination of wires, 
and of wires and ground, resulting in a 
complicated network, but the principles 
involved are the same as in the simple case 
discussed above. 

The potential of the telephone wire 
re. 5. Diagram Showing Couplings between Power tends to be the same all along its length. 

and ‘Telephone Wires for Electric Induction If the wire is perfectly insulated from 
ground, extends only through the length 
of the exposure, and has no equipment on it, this potential is independent of the length 
of the exposure (the condition shown in Fig. 5 if the impedances to ground are neglected). 
This is true because, whereas all the capacitances in the above equation are proportional 
to exposure length, the ratio Crp/(Cro + Crp) is independent of length. However, in 
practice, the circuits usually extend beyond the exposure and have equipment connected 
betwoon them and ground, so that there are impedances to ground outside the exposure 
through which longitudinal current will flow. Since the impedance of Crp controls the 
total longitudinal current, this current will be practically independent of the telephone- 
circuit impedances to ground and will be proportional to exposure length. It will also 
be proportional to the frequeney of the harmonies in the inducing voltage. Hence, for 
given telephone-circuit impedance conditions (outside the exposure), the voltage to ground 
will be proportional to exposure length and to the frequency of the inducing voltage in a 
uniform and electrically short exposure. 

In magnetic induction, the current in the power wire sets up a magnetic field which 
alternates at the frequency of the current. If a communication wire is located in this field, 
a voltage ts induced along w& which is pro- 
portional to the rate of change of the mag- 
netic flux. This phenomenon is illustrated 
in Fig. 6. The voltage between the tele- 
phone circuit and ground varies from 
point to point along the circuit and de- 
pends on the distribution of the imped- 
ances to ground as well as on the distribu- 
tion of the induced voltage. Also, since 
the voltage acts along the circuit and the 
part induced in each short length adds 
directly to those in all other short lengths, 
the total induced voltage is directly pro- 
portional to the exposure length in a uniform and electrically short exposure. Further, 
as the rate of change of magnetic flux is proportional to frequency, the induced voltage 
will be proportional to the frequency of the inducing current. 

In the foregoing, the factors discussed apply to both noise and low-frequency induction. 
However, these two general types of problems are discussed separately. 


Impedance 
to Ground 


Plane Representing 
Surface of Ground 


Fie. 6. Diagram Showing Coupling between Power 
and Telephone Wires for Magnetic Induction 


31. NOISE FREQUENCY INDUCTION 


Noise frequency induction, in communication circuits, for a given situation of proximity, 
depends upon: 

(e) Inductive influence of the power circuits, as determined by their electrical char- 
acteristios. 
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(6) Inductive coupling between the power and communication circuits, as determined 
by their physical relation. 

(c) Inductive susceptiveness of the communication circuits, as determined by their 
electrical characteristics. 

INDUCTIVE INFLUENCE. Two characteristics of a power system of primary im- 
portance in determining its inductive influence are wave shape and balance. 

The wave shape of the voltage or current on a power line is a function of the magnitudes 
and frequencies of the harmonics, which may induce voltages of frequencies within the 
range ordinarily used in telephone circuits. Induced voltages at such frequencies have 
much greater interfering effects than the voltage induced at the fundamental frequency. 

The approximate relative interfering effects of telephone line voltages and currents is 
shown in Fig. 7 for certain subscriber sets and instruments employed in the Bell System. 
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Fie. 8. Receiver Weightings for Tele- 

phone Message Circuit Noise (Relative 

Interfering Effects of Telephone Line 

Voltages or Currents at Receiver) (Re- 
ports 32 and 45, J.C.P.C.) 


The solid curve shows the line weighting adopted in 1941 for the present-day anti-sidetone 
set having a relatively flat response over the useful voice-frequency range. This curve 
also takes into account (1) the possible utilization, in future telephone receiving elements, 
of a larger part of the wide-band toll transmission attained in the later-type carrier toll 
circuits, (2) a more uniform response within the transmission band, and (3) the attenuation 
at frequencies near 3000 cycles and higher, relative to that at 1000 cycles, caused by var- 
ious types of switching trunks used in toll connections, as compared to the distortionless 
trunks used in the tests on which this curve is based. The two curves cannot be compared 
on an absolute basis, since the acoustic output per volt input at 1000 cycles is not the same 
for the different sets. 

Receiver weighting curves for telephone message circuit noise are shown in Fig. 8 for 
certain instruments employed in the Bell System. These curves differ from the line weight- 
ing curves, principally as a result of taking into account the voltage loss, relative to that 
at 1000 eycles, caused by the trunk, loop, and telephone set, between the toll board (at 
which point the line weightings apply) and the telephone set receiver. 

Each harmonic voltage or current induced in a telephone circuit by a paralleling power 
circuit will individually react in the telephone circuit, over which a conversation may be 
in progress, and in such a manner that the listener hears the combined effect of all the 
harmonics, which is termed noise. Different frequencies in this noise have different 
interfering effects, depending on the characteristics of the telephone circuits, type of 
receiver, the human ear, and other factors. Relative interfering effects (Fig. 8) are called 
noise weightings and have been determined by extensive tests. 

Since the effects of electric and magnetic couplings are directly proportional to frequency, 
the relative noise influence of power-system voltages and currents is proportional to the 
product of noise weighting and frequency. For any frequency, this product times a con- 
stant gives the telephone influence factor, TIF. TIF weightings versus frequency are 
shown in Fig. 9 for three different periods, reflecting changes in transmission-frequency 
characteristics of telephone circuits and instruments from 1918 to 1941. The 1941 curve 
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has not yet been standardized. It will be noted from Fig. 9 that the TIF values at 60 


eycles are very low. 
While a great deal of inductive coordination work makes use of single harmonic fre- 


quency data, there are cases where it is desirable to evaluate the overall influence of a 
voltage or current in a power circuit in terms of a single measure. Such a measure may 
be obtained by multiplying the magnitude of each harmonic present (amperes for current 
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Fia. 9. TIF Weightings for Periods 1918, 1935, and 1941 (Courtesy A.I.E.E.) 


and kilovolts for voltage) by its TIF weighting, and taking the rss value (square root of 
the sum of the squares) of these products. The result for current is the I-T product, and 
for voltage it is the KV-T product. 

These products can be measured directly with a suitable noise-measuring set and a 
current or voltage TIF coupler, the latter having a transmission-frequency characteristic 
directly proportional to frequency. 

The magnitudes and frequencies of the harmonic currents and voltages on a power line 
depend on the characteristics of the apparatus and associated equipment and on the 
impedance of the supply line at each of the harmonic frequencies. The wave shape at 
various points on the power system depends on the way in which the various harmonic 
currents and voltages are propagated over the system. Since power systems are usually 
very complex electrically, the propagation effects may vary greatly for different frequencies 
and for different systems. 

It is impracticable to construct rotating electrical machinery or power transformers 
entirely free from harmonics, although marked progress has been made in this respect. 
Also, it is inherent in the operation of rectifying devices (and some other types of devices 
where the current is not directly proportional to voltage) that harmonics are produced. 
Generally speaking, the factors affecting the production of harmonics in these general 
classes of apparatus are as follows: 

Motors and Generators. Harmonics are affected by the distribution of air-gap flux, 
variations in the air-gap flux due to the slots in the rotors and stators, the distribution 
of the windings on the armature, and, in multiphase machines, connections of the windings. 

Transformers. The degree of saturation of the iron in the core affects the harmonics 
materially. In polyphase transformer banks, the connection of the transformers in the 
bank affects some of the harmonics, particularly the triple. In a 3-phase transformer the 
arrangement of the core 
also affects the triple 
harmonics. 

Rectifiers. Owing to 
the flat-top wave shape 
of rectifier anode cur- 
rents, the a-c line cur- 
rent, taken by the recti- 6 -PHASE RECTIFIER 12-PHASE RECTIFIER 


fier, has a step-type Fig. 10. A-c Line Currents Taken by 6 and 12 Phase Rectifiers 
wave shape, as shown in (Courtesy A.I.E.E.) 
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Fig. 10 for a 6- and 12-phase rectifier. This wave shape results in the production of 
harmonic currents and voltages in the a-c line. Table 1 shows the order of these harmonics 
(multiples of the fundamental frequency) for various multiphase rectifiers with balanced 
operation, and also the reduction, with increase in phases, of the number of harmonics 
which are of importance. 

The magnitude of any harmonic which is present with any particular number of phases 
is the same as for a 6-phase rectifier, assuming all other conditions to be the same. Thus, 
the magnitude of the twenty- 


third harmonic is the same for Table 1. Harmonics Arising in Rectifiers 
the 6-, 12-, and 24-phase recti- 
fiers. Also, the magnitudes of Orders of Harmonics in Line with ; 
the harmonic currents bear a Balanced Operation cal 
definiteeclationstoithermsivalue 4|\) i Rane yan en MM | Frequencies 
of the total rectifier current and pete NES oi on 60-cycle 
decrease in value with increase in 6 12 18 24 36 48 System 
frequency. For a given kilovolt- 
ampere input to a rectifier, the 5 300 
higher the a-c line voltage the 7 420 
lower is the a-c line current, with WI WI 660 
a corresponding reduction in the 12 13 7 780 
magnitudes of the harmonic cur- 19 19 ra 
rents and usually in the harmonic 23 23 23 1380 
voltages resulting from them. 25 25 25 1500 
Furthermore, there are generally, 29 1740 
under modern practices, fewer 31 1860 
long closely coupled exposures 35 35 35 35 2100 
with the high-voltage transmis- a 37 37 37 2220 
sion circuits than with the lower- 43 aan 
voltage power distribution net- 47 47 47 47 2820 
works. 49 49 49 49 2940 
Phase control, employed on 53 53 3180 
rectifiers for reducing the d-c out- 55 55 3300 
put voltage below that obtained 59 59 3540 
without phase control, is accom- 61 61 3660 


plished by retarding the firing Note: Higher harmonics are also present for all types listed. 
point of the anodes in the aiter- 

nating-voltage cycle, through grid or firing control. The power factor at the a-c line 
terminal of the rectifier transformer is lowered. The magnitude of the harmonic com- 
ponents increases in the a-c line current for a given kilowatt output of the rectifier. 
Also, with phase control, the anode currents have a steeper wave front at the beginning 
and end of the anode firing period, during commutation between successive anodes, result- 
ing in harmonics of higher magnitude. Phase control should, therefore, be limited to actual 
requirements, particularly at full load and overload ratings of rectifiers, in order to limit 
the possible inductive interference. 

Balanced and Unbalanced Currents. In a multiphase, balanced power circuit the 
voltages between the several phase conductors and between the phase conductors and 
ground, and also the several line currents, are vectorially equal to zero. 

When the currents or voltages do not vectorially equal zero, they contain a set of single- 
phase components, all in the same phase relation, which are termed residual components. 
Any system of voltages or currents can be resolved into its balanced and residual com- 
ponents, and the effects of each can be analyzed separately. The balanced components are 
confined wholly to the phase conductors; the residual components act in a path consisting 
of the phase conductors and an external return as, for instance, a metallic neutral or 
through the earth. Since the coupling for the residual components is usually much larger 
than for the balanced components, the former are usually of greater importance in coordi- 
nation problems. : 

Single-phase branches on three-phase distribution systems are, of themselves, inherently 
unbalanced. On grounded neutral systems the residual voltage on a single-phase branch 
is practically equal to the phase-to-neutral voltage. On isolated neutral systems the 
residual voltage on a single-phase branch depends on the particular system layout. The 
single-phase branches also introduce residual currents and voltages on the 3-phase 
system. 

With the present methods of analyzing noise induction problems, the balanced and 
residual currents and voltages are usually considered separately. In the general case of 
exposures of overhead lines of the multigrounded neutral type to subscribers’ cable cir- 
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cuits, a knowledge of the residual currents is sufficient, the effect of the balanced currents 
being relatively unimportant. 

INDUCTIVE COUPLING. The coupling between power and communication circuits 
is determined by the degree of their proximity, but it may be greatly modified by the bal- 
ance of the two classes of cir- 
cuits to each other and by the 
proximity of grounded linear 
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Table 2 


ee Tending circuits or metallic objects. 
Types of Induction ; ig Pele Hone In determining coupling, it 
Induction he = Powe is desirable to differentiate 
between the effects of the bal- 
A. Metallic-circuit (direct) anced and residual compo- 
1. From balanced currents a nents in the power circuit, be- 
2. From balanced voltages au tween the effects of voltages 
3. From residual currents T and those of currents, and, on 
4. From residual voltages T the telephone line, between 
IBS Longitudinal-circuat (indirect induced voltage which acts 
metallic-circuit) * directly in the metallic cir- 
A oe ee OE ie cuit, termed metallic-circutt 

. From balanced voltages P : ce “ 

7. From residual currents P \ Only if residuals are induction, and that which acts 
8. From residual voltages Pp thereby reduced. in the circuit composed of the 


wires in parallel with ground 
return, termed longitudinal- 
circuit-induction. 

Types of Induction. Eight 
components of power induc- 
tion, shown in Table 2, need 
to be considered in noise induction problems. These components vary in their importance, 
as noise factors, for different situations and for the reasons discussed above. 

Transpositions are employed in open wires within exposures (parallels) between power 
and communication circuits as an aid in neutralizing induced power-circuit noise in the 
latter circuits. Transpositions are required generally in open-wire communication circuits, 
whether or not power-circuit exposures exist, to limit intercircuit cross-talk. 


* This component of induction can result in noise in the metallic 
circuit, because of the reaction of such longitudinal induction upon 
self-unbalances (high-resistance joints or leakage) or mutual induct- 
ance or capacitance unbalances to other wires on the line or to 
ground, 
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Fig. 11. Diagrams Showing Wire Arrangements at Transposition Points 
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_Transpositions are made by interchanging in a uniform manner the positions of the 
wires comprising a circuit, so that each wire of the circuit occupies all the pin positions 
occupied by the circuit, for distances (usually equal) as determined by the transposition 
design. Figure 11 shows the changes employed in the position of the wires (both telephone 
and power) at transposition points. Telephone transpositions may be of the physical or 
side circuit types involving two wires or of any one of four types of phantom transpositions 
involving four wires. Power transpositions may be of the single-phase type involving 
two wires or of the 3-phase type, involving three wires. 

Identical 3-phase power transpositions, when placed at the 1/3 and 2/3 points in a given 
uniform section of power line, establish a power circuit barrel, since each wire is rotated 
120° in phase position and in the same direction of rotation at each transposition. Single- 
phase power transpositions rotate the wires 180° in phase position. Likewise, for 
cceete Ne shaee induction, telephone transpositions change the phase of the induction by 

80°. 

Figure 12 shows a simple arrangement of telephone and power transpositions within a 
unit exposure length, L, containing one power barrel. In this arrangement, which is 
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OF A_THREE-PHASE CIRCUIT 


Fie. 12. Simple Balanced Arrangement of Telephone and Power Transpositions in a Unit Exposure 
Length, Z (Courtesy Bell System) 


commonly employed, the 3-phase power transpositions are located at neutral points with 
respect to the telephone transpositions, and the telephone transpositions are so arranged 
as to reduce the direct metallic-circuit induction (from both balanced and residual com- 
ponents) within each section of exposure between power transpositions, as well as to limit 
inter-cross-induction. 

Telephone circuit transpositions tend to 

(a) Reduce intercircuit mutual effects, known as cross-induction or cross-talk. 

(b) Reduce direct metallic-circuit induction from both balanced and residual com- 
ponents of power circuits, within exposures, especially when coordinated. 

(c) Balance the two sides of the telephone circuit with respect to earth and with respect 
to all other wires on the telephone line, considered as one longitudinal circuit (Sigma). 

These transpositions, by themselves, are not effective in reducing the longitudinal-circuit 
induction from either the balanced or residual components of the power-circuit voltages 
and currents. However, within an inductive exposure, such transpositions tend in some 
measure to equalize these inductive effects by exposing each conductor of the telephone 
circuit equally to the power-circuit influences. 

For telephone-circuit transpositions to be reasonably effective in reducing metallic- 
circuit induction, the relation between the power and telephone circuits within each co- 
ordinated section of exposure (with respect to each other, to ground, and to other circuits 
present) must be substantially uniform. Thus, points of discontinuity within an exposure, 
such as sharp changes in separation, crossings, or changes in power-circuit configuration, 
must be considered in inductive coordination work. . 

Power-circuit transpositions, within the exposure, tend to reduce the longitudinal- 
circuit induction from balanced voltages and currents and, as a result, that component of 
metallic-circuit noise arising mainly outside the exposure due to the action of the longi- 
tudinal-circuit induction (from balanced components) upon any unbalances affecting the 
telephone circuits. 


Notes. 1. Power transpositions, in the usual case, do not appreciably affect the direct metallic- 


circuit induction. { | t ’ 
2. That part of the direct metallic-circuit induction which results from residual voltages and currents 


is not affected by power-circuit transpositions except in so far as such transpositions may reduce the 
power-circuit residuals. 
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INDUCTIVE SUSCEPTIVENESS. The degree to which telephone transmission is 
adversely affected by noise-frequency induction depends not only upon the magnitudes 
of the induced noise voltages, as determined by influence and coupling factors, but also 
upon the susceptiveness factors of the telephone system. These include the manner in 
which the induced voltages and currents are propagated to the circuit terminals, together 
with the reactions of the circuit unbalances (thus relating the current in the terminal 
apparatus to the induced voltages), the sensitivity of the receiving apparatus, and the 
operating power level of the telephone circuits. 

Propagation Effects and Balance. Important differences exist with respect to propaga- 
tion effects and balance between open-wire and cable circuits and between toll and ex- 
change systems. 

As pointed out in the discussion of coupling, only the magneticaily induced longitudinal 
voltages and currents are important, under the conditions usually encountered, in produc- 
ing noise in telephone cable circuits. Because of the negligible effects of electric induction 
and direct metallic-circuit induction and because of the important shielding effects exerted 
by the cable sheath and the various telephone circuits on each other, telephone cable 
circuits are much less susceptive than open-wire circuits. 

In open-wire telephone systems, consideration must be given both to electric and mag- 
netic induction and to voltages induced directly in the metallic circuit as well as to those 
induced in the longitudinal circuit. In a line composed of a number of circuits, the currents 
set up in any one circuit depend not only upon the voltage induced in that circuit and its 
impedance but also upon the currents and voltages which are set up in the other telephone 
circuits on the line. It is not possible, therefore, to calculate precisely the induced currents 
merely from a knowledge of the magnitude of the currents and voltages on the power 
circuits and the coupling between the power circuits and isolated pairs of wires on the 
telephone line, considered independently. 

Estimates of receiver noise for a particular type of subscriber set and receiver connected 
to a given line circuit, in which noise currents are assumed to be present, may be made as 
discussed below. 

On the basis of the definition of reference noise, in absolute terms, as an electrical power 
of 10-” watt at a frequency of 1000 cycles dissipated in a receiver (for all types of receivers), 
Table 3 gives the currents in three types of receivers and the voltages across them at 1000 

cycles for reference noise (0 db) 
Table 3 and representative values of the 
receiver impedances. 


area ch ony NGA Toedanee: set eel ree a bees 1000 
Co. types)| amperes volts ohms poe panes 
ae noise is the voltage across the re- 

144 0.0795 | 21.60 | 158 +7221 = 272/54,5°| ceiver producing an interfering 
557 0.1414 | 19.70 | 50+ 130. = 139/69° ae en es a 
HAI 0.1210 16.56 68 + J118 = 136/60° | 1009 cycles. For a given re- 


ceiver, the voltage for reference 
noise at a frequency other than 1000 cycles may be obtained from the 1000-cycle reference 
voltage and the proper noise weighting curve for receiver voltages (if available). Figure 8 
shows such weighting curves for the three receivers listed in Table 3. Also, for a given re- 
ceiver, the receiver current for reference noise at a frequency other than 1000 cycles may be 
obtained from the relation between the voltage for reference noise across the receiver at the 
given frequency and the receiver impedance at the same frequency. Values of receiver 
currents and corresponding voltages for reference noise at various odd harmonics of 60 
cycles, obtained in accordance with the above procedure, are given in Fig. 13. 
From the current for reference noise at a given frequency f and the susceptiveness factor 
at the same frequency for a subscriber set, the receiver noise (in decibels) for 1 volt to 
ground on the set at that frequency is given by the expression 


; eee ih 
Ny (receiver noise in db) = 20 logio (4) 
. 
where Jy = receiver current in microamperes per volt to ground at the subscriber set at 
frequency f = susceptiveness factor for set involved. 
receiver current in microamperes (for the type of receiver involved) for refer- 
ence noise at frequency f (Fig. 13 for three different receivers). 


; Values of Ny for the 144 receiver, calculated by the above expression, require no correc- 
tions, since present receiver noise transmission impairments are related to noise magnitudes 
in this type of receiver. Values of Ny so calculated for the 557 and HA1 types of receivers 
are not representative of the interfering effect on the present standard decibel scale of 


I, 


ll 
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noise for the 144 receiver. For the final results of all three receivers to be on approximately 
the same basis as to noise transmission impairments, it is necessary to adjust the N; 
values of the 557 and HA1 receivers by factors of +4db and —4db, respectively, which 
factors are based on the results of judgment tests. By such adjustments, the readings are 
in dba, a term that can be interpreted as representing the quantity that results after 
properly ‘‘adjusting”’ the decibel reading of the noise measuring set. When the reading is 
thus adjusted all noise results will be on a common basis. 


ae iver Currents Voltages aC Currents Voltages 
> | 144 | 557 | mat] 144 | 557 [Hart > 144 | 557 | wat] 144| 557 | Hat 
Fre- Fre- 

quency, Microamperes Microvolts quency, Microamperes Microvolts 
cps cps 
180 4.21 | 9.29 | 1.41 | 530. | 483. | 60.8 1620 0.304 | 0.505 | 0.147} 112. | 101.5} 26.2 
300 0.954} 2.11 | 0.566] 144. | 131.5) 31.7 1740 -334] .549| .154] 128. |] 116.9} 28.2 
420 -586 | 1.27 -338 | 106. 96.6 | 23.6 1860 -365| 586] .157]| 146. | 133. | 29.9 
540 -40 | 0.82 -240| 80.1} 73. | 20.1 1980 -373| .604}) .158} 159.| 145. | 31.5 
660 -281| .542] .181] 60.6] 55.3] 18.1 2100 23761) .598 ||) 156) 16724 0526 13259 
780 .180} .34 149} 43.3) 39.5] 17.1 2220 -377| 593} .154} 167.| 159. | 34.4 
900 09) 205 ee 1S 28.71) 26:2) 10,7) 2340 OTE Neo 1s es D2 Lote | hOoi | So28 
1020 077 | 138i e120) 21D 19.5657 2460 .377| .588} .150|] 185.) 172. | 37.2 
1140 2094 OM 123) 22all |. 24o0 || 18.5 2580 .377| .580} .148| 193.] 178. | 38.9 
1260 -138} .235] .129] 42.4] 38.6] 20.5 2700 .377| .569} .155} 200. | 182. | 40.8 


1380 oe -343| .134) 66.2) 60.3 | 22.3 
1500 -258| .445|] .140] 91.2] 83.6] 24.3 


Fig. 138. Receiver Currents and Voltages Corresponding to Reference Noise.* (Report 46, J.C.P.C.) 


* Weighted currents and voltages based on representative receiver impedances and definition of 
reference noise as 10°!” watt dissipated in each receiver at 1000 cycles. 


Power Level and Sensitivity. The susceptiveness of telephone circuits to induced noise 
from power-supply circuits or other outside influences depends to a considerable degree 
on the levels of the voltages and currents used in speech transmission and in the efficiency 
of the telephone terminal apparatus in converting electrical into sound power. Power 
level, as discussed here, refers to the level of speech currents (with respect to reference 
level of speech transmission) and not to a level measured in watts. 

Speech power, and consequently electrical power generated by a subscriber set telephone 
transmitter, which is actuated by speech power, varies over a wide range of values and 
frequencies. This variation will occur with any one speaker and is usually different for 
different speakers. Electrical power also varies in different toll and exchange circuits, 
owing to the different types of lines and apparatus encountered and line length. In one 
investigation, the average acoustic power of speech produced by 16 talkers was of the order 
of 10 microwatts. The average ratio of the maximum instantaneous power to the average 
power, for the various vowel sounds only, was of the order of 15 to 1, whereas the ratio of 
the maximum to average power for a continuous sine wave is 2 to 1, thus showing the 
much wider variation of speech power as compared to generated electric power. 

The power on commercial telephone circuits is conveniently determined by a device 
known as the volume indicator. This device consists primarily of a rectifier-type indicating 
meter of specific dynamic characteristics. When measuring speech power, the meter 
deflections fluctuate continually in response to the variations of speech power. Because 
of this varying deflection, it is necessary to specify a standard method of interpreting the 
indications, which involves adjusting a calibrated potentiometer, associated with the 
meter, to maintain the meter needle deflections approximately in a specified range on the 
scale. When these deflections correspond to the specified reading, with the volume indi- 
cator connected across 600 ohms, and the potentiometer is set at zero, the power indicated 
by the meter in the circuit being measured is zero VU (volume units). 

Since, by the action of the carbon granule transmitter, a relatively large amount of 
electrical power is controlled by movement of the diaphragm, the electrical power delivered 
to a telephone circuit is much greater (of the order of several hundred times) than the 
acoustic power delivered to the transmitter. This amplification is of value in maintaining 
speech power at satisfactory levels above induced power current levels. 
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Transmitter developments have tended to raise the response level for some frequencies 
in order to give a more nearly flat frequency characteristic over the voice range without 
materially increasing the maximum level output of the transmitter. Such a characteristic 
improves the articulate qualities of the speech and hence effective transmission. 

Receiver developments have also increased receiver efficiency over the earlier periods 
of operation, in addition to flattening its response over the voice range. However, its 
actual efficiency (electrical power input to acoustic power output) is relatively low. The 
power loss in the receiver at low frequencies, such as 25 and 60 cycles and their lower 
harmonies, is much greater than at frequencies in the higher voice range. The combination 
of amplification of voice currents in the telephone transmitter with noise current loss in the 
receiver permits delivering to the subscriber satisfactory speech power while keeping 
within tolerable limits the sound levels due to ordinary amounts of induced noise. 

Speech levels on toll circuits are, in general, maintained at about specified levels by 
means of telephone repeaters (not usually employed on exchange circuits), which amplify 
the speech as well as any noise currents and voltages induced in the toll circuits. These 
repeaters are usually spaced at suitable intervals on a toll circuit to provide the proper 
speech level without overloading the amplifier and without causing cross-induction between 
adjacent circuits, due to excessive or inadequate levels. 

The trend toward improved balance of party-line subscriber sets and some parts of 
central-office circuits permits increasing the speech-to-noise level ratio in exchange plant. 
Any betterments of this type, within limits, which increase the signal-to-noise ratio tend 
to decrease the noise effects in telephone circuits. 


32. NOISE INDUCTION MITIGATION 


Noise induction mitigation usually involves careful consideration of at least several 
of a large number of factors, which may be broadly classified under the headings: (a) in- 
fluence factors; (b) coupling factors; (c) susceptiveness factors. 

COOPERATIVE PLANNING in connection with the design and location of lines and 
systems is of great importance. These cooperative plans generally are directed toward: (a) 
coordinating the locations of lines; (b) incorporating in the design of both systems those 
features which will limit the influence and susceptiveness. 

By cooperative planning, not only can the number of exposures be limited but also the 
general designs of the systems can be made such that treatment of individual exposures 
is materially simplified. Furthermore, in connection with new construction or changes 
in either system, coordination can be considered before expenditures or other commitments 
are made. 

CONTROL OF INFLUENCE FACTORS. Residual currents and voltages of the 
triple-harmonic series can be controlled by one or more of the following means: 

(a) Opening the neutral-to-ground connection of the machine or transformer bank 
where the triples originate. This can be done only where other system grounding arrange- 
ments, adequate from the standpoint of power system stability and relaying, are available. 

(6) Opening the neutral-to-ground connection of transformer banks through which 
triples from another source complete their path. System stability and relaying must also 
be considered in this connection. 

(c) Providing a path for triples (such as with a wye-delta bank), which tends to shunt 
them out of the exposure. 

(d) The use of wave traps (anti-resonant circuits tuned to the important harmonics), 
reactances, or other devices in the neutral-to-ground connections at locations where triples 
originate. 

(e) The use of transformer connections (such as wye-delta or delta-delta) through 
which triples will not pass. 

(f) The use of rotating machines, which have a low influence factor. 


Note: The last two measures are usually of the greatest importance in connection with cooperative 
advance planning, since to change existing equipment to these types may be unduly expensive. 


Residual currents and voltages of the non-triple harmonic series can be controlled by: 

(a) Reduction of the unbalance which gives rise to them, as by changing single-phase 
taps to 3-phase, balancing single-phase taps among the phases of the 3-phase line, or 
balancing loads among the 3 phases, where neutrals are multigrounded. 
_ (6) Absorption by wye-delta banks or other means. 

In addition to the design of power apparatus to limit harmonics as far as practicable, 
and the avoidance of excessive magnetic densities, frequency selective devices, to filter 
out harmonics, have been used in some situations, for example: 
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(ag) On the d-c sides of trolley rectifiers. 

(b) On the a-c sides of rectifiers. 

(c) Across the terminals of rotating machines to reduce important balanced harmonic 
currents and voltages. 

(d) In the neutral-to-ground connections of generators, synchronous converters, and 
other power devices, to reduce triple-harmonic voltages 
and currents, an example of which is shown in Fig. 14. 

CONTROL OF COUPLING FACTORS. One highly 
satisfactory method for the control of inductive cou- 
pling, when it can be employed, is the complete physical 
separation of the power and telephone lines. However, 
in built-up communities both types of service are re- 
quired by the public, making it necessary to utilize the 
same routes for distribution. For intercity toll lines, = 
which are usually important backbone routes for long- 
haul communication traffic, frequently reasonable sepa- 
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nated basis. 

Whether the coordination of telephone transpositions with the discontinuities in the 
exposure, or the use of power-circuit transpositions, or both, is desirable in a specific case 
will depend on the relative importance of direct metallic-circuit induction and longitudinal- 
circuit induction acting on telephone-circuit unbalances, and on the importance of the 
induction from the balanced and residual components of the power-circuit voltages and 
currents. 

Telephone transpositions must also be effective in controlling cross-induction (cross- 
talk) between telephone circuits. Standard transposition arrangements have been devised 
to meet this requirement for different classes of open-wire facilities. Two of such arrange- 
ments, which are available, are shown for four arms of wire in Figs. 15 and 16. 

Sometimes, unavoidable irregularities occur in the spacing of poles, in distances between 
power and telephone circuits, in the presence of shielding objects such as other communi- 
cation lines and trolley systems, and in heights of the circuits, which it is not practicable 
to take into account in the transposition design. Where these irregularities are large, the 
effectiveness of the transposition arrangements is correspondingly impaired. 

Possible benefits are illustrated by noise measurements in the rural joint-use exposures, 
established in Alabama, Minnesota, and South Dakota (see article 29). The ratio of re- 
zeiver noise to noise-to-ground is a good indicator of the effectiveness of noise-reduction 
measures, and such measurements, made under normal conditions, gave ratios of the order 
of —36 db (about 1 to 60 in voltage), where the IT (effective power harmonic currents in 
the line times the voltage interference factor) is fairly high. A ratio of this order is ade- 
quate with respect to noise, except in extreme exposures, and should result in noise on 
rural joint-use circuits comparable to that on urban party-line circuits in cable. 

The favorable noise results in these instances are due partly to the effectiveness of the 
transposition scheme used, which employs frequent, point-type transpositions on tandem 
brackets and an average wire spacing of only about 7 in. Also in many of the exposures 
the power circuit is of the single-phase common-neuiral type with vertical configuration, 
for which, in joint use, the direct metallic induction into a horizontal telephone circuit is 
inherently low. Of course, low values of receiver noise are not obtainable unless the 
telephone circuits are well balanced. 

Shielding. When either or both of the telephone and power facilities are enclosed in 
metallic cable sheath, having a relatively low resistance to ground, the sheath acts as an 
effective shield against both electric and magnetic induction. For magnetic induction, the 
induced longitudinal currents flow along the sheath, which has a finite resistance per unit 
of length, different from the enclosed conductors, and complete shielding from such cur- 
rents is thus not obtainable. 

Present trends are toward bonding local distribution aerial cable to multi-grounded 
power neutrals, where these neutrals are well bonded to extensive public water systems, 
since, in the usual case, the cable sheath becomes quite closely associated with the common 
power neutral through the telephone drops, station protector grounds, power secondary 
services, and telephone company practices of placing protector blocks between working 
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Fig. 16. Typical Transposition Scheme (Improved Type) for Phantomed Circuits Suitable for Use 
in Inductive Exposures (Courtesy Bell System) 


tion failures due to this potential increase. In trolley areas, additional direct current will 


usually be transferred to the underground 
telephone cable sheaths because of power 
neutral bonding, but the increase in sheath 
current will probably not require additional 
corrective measures for electrolysis. 

The effectiveness of shielding is expressed 
in terms of a shield factor, which is the ratio 
of the noise in the shielded to the noise in the 
non-shielded condition. Figure 17 shows ob- 
served shield factors in four public water 
system areas obtained with telephone cable 
sheaths bonded to a multigrounded power 
circuit neutral at a number of places. 

CONTROL OF SUSCEPTIVENESS. In 
toll circuits, which are designed to be sym- 
metrical with respect to earth, the reduction 
of unbalances is usually a matter of correcting 
conditions which are the result of deteriora- 
tion or maintenance, although situations 
occasionally arise where the design of appa- 
ratus is involved. The former includes: 

(a) High-resistance joints. The remedy is 
to make a new joint. 

(b) Leakage caused in open-wire circuits 
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by trees or broken or missing insulators. In cable circuits, leakage is usually caused by 
moisture entering at a sheath break. 

(c) Capacitance unbalances in open-wire circuits. The remedy involves a careful check 
of the transpositions either by inspection or by suitable electrical testing means. 

(d) Incorrect connections or unbalanced arrangements of apparatus at terminals. For 
example, composite sets should not be placed on one side circuit of a phantom group with- 
out similar sets being placed on the other. 

(e) Incorrect connections in entrance cables, such as split pairs or quads. 

In regard to design, the causes of unbalances are usually in terminal apparatus, where 
the elements in the two wires of a circuit (or the two sides of a phantom group) are not 
sufficiently alike in impedance at noise frequencies. Modern apparatus is usually designed 
so that the series impedances and admittances to ground are very closely similar for the 
wires in a pair or quad. In some of the older designs, however, the degree of balance 
may not be sufficiently high. Sometimes, improvements can be secured by selecting among 
existing equipment the units having similar characteristics and grouping them together 
on pairs or quads. In some instances, there may be unbalances in entrance cables or 
office cabling, for example where phantomed circuits are routed through non-quadded 
cables. 

In the exchange plant, unbalances due to connections of ringers to ground can be reduced 
by the use of high-impedance ringers or by other subset apparatus with improved balance. 
Central-office-circuit unbalances may need to be improved by modifications in or replace- 
ments of existing apparatus of the older types and of unsymmetrical design. The more 
recently designed central-office equipment is better balanced, and further improvements 
in this respect may be expected. 

Sometimes improvement can be secured by inserting a balancing impedance in the other 
side of the circuit. Through cooperative advance planning, apparatus having improved 
balance can be introduced in an orderly manner. 

Isolation of equipment unbalances can sometimes be secured by inserting between the 
apparatus and the line a well-balanced repeating coil without ground connections or with 
ground connections so arranged that longitudinal voltages and currents are not trans- 
mitted. It is necessary to arrange the circuit so that signaling and supervision will not 
be interfered with. A less effective but sometimes adequate method of isolation consists 
of inserting between the apparatus and the line a well-balanced coil so connected as to be 
non-inductive to the metallic circuit but to present a high longitudinal impedance. A 
well-balanced repeating coil, with the windings suitably connected, will frequently serve 
this purpose. This method has the advantage that it can be readily arranged so as not to 
interfere with d-c signaling and supervision. In both the toll and exchange plants, it 
is frequently necessary to guard against interconnection of balanced and unbalanced 
circuits through cord circuits not containing repeating coils, since such a connection would 
be unbalanced. This can be done by avoiding the use of such cord circuits for these connec- 
tions or by isolating the unbalanced lines by repeating coils. 

Figure 18 shows a schematic of a typical local step-by-step connector circuit in the 

talking condition, with a long 
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Fie. 18. Schematic of Typical Local Step-by-step Connector Cir- 
cuit in Talking Condition Associated with a Long Line Circuit 
(Courtesy Bell System) 


to the line in order to prevent 
longitudinal current flow from 
the calling line causing noise, 
due to possible unbalances in 
relays A and D and in the 2~ 
pf series condensers. This is 
one means of preventing lon- 
gitudinal circuit noise reach- 
ing the called subscriber from 
a connected line which is 
affected by power induction. 


Transmission Levels. The effect of noise is lowered as the power level of the voice 
currents of telephone circuits is raised. In the toll plant, this fact has had a marked 
bearing on the sizes of wire used and the location of repeater stations. One of the limita- 


tions on the degree to which levels can be raised on toll circuits by repeaters is the difficulty 
of avoiding cross-talk between circuits on which there are large level differences. Subject 
to this limitation, however, advantage may sometimes be taken in specific situations of 
allocating repeater gains in such a way as to use the highest practicable level through 
inductive exposures. 

In the exchange plant, telephone repeaters are normally not employed, so that the con- 
trol of leveis in connection with specific noise situations is a less practicable procedure. 
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However, the desirability of utilizing the highest practicable levels has had an important 
bearing in the development of instruments, cables, and other facilities. 


Other Devices. In special cases, neutralizing transformers, resonant shunts, or resonant 
drainage to ground, applied to the telephone circuits, offer possibilities as coordinative 
measures for the reduction of noise induction. 

The neutralizing transformer is employed, primarily, in local communication circuits 
serving power stations to limit voltages to ground at such stations when power-line faults 
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Fig. 19. Diagram Illustrating Rise in Station Ground Potential Due to Power Line Fault (Report 44, 
J.C.P.C.) 


occur. Without the transformer, the rise in potential of the power station ground, and 
consequently the telephone set protector ground, would frequently be enough to break 
down the protector blocks and disable telephone service, as shown in Fig. 19. With the 
transformer, differences of potential between the communication circuit and nearby 


grounded structures are materially reduced, as indicated in Fig. 20, thus minimizing 
hazard to personnel, cable troubles, and service interruptions. 
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Fig. 20. Diagram Illustrating Action of Neutralizing Transformer in Neutralizing Voltages on @ 
Circuit Subject to Ground Potential Rise (Report 44, J.C.P.C.) 


Ground Return Circuits. Ground return telephone circuits, being inherently unbalanced 


to ground, require methods of coordination with power circuits different from those em- 
ployed for metallic telephone circuits, such as previously discussed in this section. Ground 
return power circuits are not considered standard practice but are frequently operated 
as single-phase grounded neutral circuits in rural power systems. Coordinative measures 
are available for this type of power circuit with metallic telephone circuits, such as control 


of power-circuit influence factors and transpositions, drainage coils, or high impedances 
(to predominating harmonics) inserted in the telephone circuit. 
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33. LOW-FREQUENCY INDUCTION 


Low-frequency induction, under normal balanced power system operation, rarely creates 
a noise problem in communication systems. However, under some normal operating 
conditions, the induced ground-wire (for lightning protection) current flow at the power- 
circuit fundamental frequency may be objectionable, particularly in telegraph operation. 

When an abnormal condition, such as a grounded phase wire, occurs on a power circuit, 
relatively large currents at the fundamental frequency flow from the power circuit to 
ground for grounded power systems. This may result in excessive low-frequency induction 
in any paralleling communication circuits. This condition also obtains in an tsolated power 
system when two or more phases are faulted. 

The magnitude of the voltage induced in a telephone circuit at the time of a power- 
circuit fault depends chiefly on the magnitude of residual currents and on the exposure 
conditions. 

Residual Currents. If 1 phase of a 3-phase power line develops a fault to ground the 
currents in the 3 phases become unequal, and their vector sum, which is the residual 
current, is no longer zero. In most low-frequency induction problems, residual current 
is far more important than residual voltage. 

The relatively large inductive influence of residual current is due to the fact that it 
exists in a circuit consisting of the line conductors in parallel as one side and the earth 
as the other side. Since much of the return current is deep in the earth, its neutralizing 
action is small. 

The chief factors that determine the magnitude of the residual currents are (1) the power- 
circuit voltage, (2) the line and apparatus impedances, (3) the fault and earth impedances, 
(4) the impedances of the neutral ground connections, (5) the type of ground wire, if used, 
and (6) the circuit configuration including ground wires. 

In analyzing the impedances controlling fault current, two general types of power 
systems must be considered: the grounded neutral, and isolated neutral systems. These 


Susp ee are illustrated in Fig. 21. In the 


Transformer Transmission Line Transformer grounded neutral system, the neutrals 

a ‘ of one or more transformer banks are 
grounded directly or through imped- 

aes ance so that, in the event of a fault, a 
fle label path for current is established from 


the fault through the earth and return- 
ing through the neutral-to-ground con- 

sins oe nections. In the isolated neutral sys- 
Transformer Transmission Line _ Transformer tem, there are normally no grounds on 
the system so that, in the event of a 
fault, the path for fault currents is 
through the capacitances of the un- 
faulted phases to earth. Hence, for a 


(a) Isolated System with Delta Connections 


= single fault, the fault current is limited 
(b) Grounded System with Delta-wye Connections to the charging and leakage current. 
If, in an isolated neutral system, a 


Fie. 21. Power ree eee ae Isolated and second fault to ground occurs on 


another phase while the first persists, a 
residual current will flow between the faults. Simultaneous faults on two phases at 
different points may occur on any type of system but are more likely to occur on an 
isolated neutral system than on one in which the neutral is solidly grounded. This is 
because, for the isolated system, full phase-to-phase or possibly higher voltage is impressed 
between the unfaulted phases and ground, thus increasing the voltage stress on the insu- 
lation of the entire system during the time of fault. 

A system grounded through a neutral impedance has some of the characteristics of an 
isolated neutral system. Generally, the addition of neutral impedance tends to reduce 
the fault current, this effect being proportionately larger for faults near the neutral ground- 
ing points. This reduces the voltage induced on nearby telephone lines and may have 
advantages to the power system. On the other hand, increasing the neutral impedance 
may introduce problems in power system relaying. It may also increase overvoltages on 
the power system. 

The duration of residual current is also important, since the length of time that the 
induced voltage persists has important reactions on its effects. For example, with the 
carbon block protectors, the chance of their becoming permanently grounded, with con- 
sequent interruption of service, depends not only upon the amount of current through 
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the protector but also upon its duration. Likewise, other effects which are described later 
are materially affected by the duration of the induced voltage. Since, except for self- 
clearing faults, the duration of fault current is determined by the time of operation 
of the power-current interrupting devices, their reliability and speed of operation are 
important. 

COUPLING FACTORS. Coupling is proportional to the length of the exposure for 
uniform separation. It varies with separation in a manner which is affected, among other 
things, by the structure of the earth. This effect can be summarized as follows: 

Under the conditions of low-frequency induction, the telephone wires comprise one side 
of a loop, the other side of which is the earth. Likewise, the power wires comprise one side 
of a loop, the other side being the earth. The magnetic coupling between two parallel 
loops at a given separation increases as the size of the loops increases. The sizes of the 
loops are determined by the distribution of the return current in the earth. Generally 
speaking, the greater the resistivity of the earth, the more the current will spread and the 
greater will be the coupling to an adjacent circuit. 

The effect of earth resistivity on coupling is much greater for wide separations than 
where the lines are close together. Consequently, with high-resistivity earth, not only is 
the coupling higher at all separations than with low-resistivity earth, but (except for very 
wide separations) the percentage reduction secured by increasing the separation a given 
amount is smaller. 

Figure 22 shows, for several earth resistivities, the variation of mutual resistance, 
reactance, and impedance with separation, based on calculations using Carson’s formula 
and a frequency of 60 cycles, without shielding. 
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Fia. 22. Variation of Mutual Resistance, Reactance, and Impedance with Separation (at 60 cycles) 
(Report 14, J.C.P.C.) 


SHORT-CIRCUIT CURRENTS, during power-line faults, may be calculated by several 
approximate short-cut methods, one of which may briefly be described as follows: 

(a) Prepare a diagram of the power-system network, showing lengths, location, and 
kva capacities of large generating sources and transformer banks; location, kva capacities, 
and connections of grounded neutral transformer banks; and magnitudes of neutral im- 
pedances, if any. 

(b) Show the location and separation of the telephone-circuit exposure or exposures to 
the power-system network. 

(c) Show the line-to-line operating power voltage. 
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Fie. 23. Curves for a Quick Approximation of Fault Current Resulting from Single-phase Faults 
to Ground on Three-phase Systems (Courtesy Bell System) 


(d) Using the various curves a, b, c, and d in Fig. 23, determine for a given situation: 


1 om (line kv)? 
: (connected transformer kva at source supplying fault) 


nnected transfo k 
of ax eon co rmer kva 


, using Fig. 23a. 


using Fig. 230. 
grounded transformer kva’ BAS 
Note: Connected transformer kva and grounded transformer kva refer respectively to (1) total con- 


nected capacity, irrespective of transformer connections, and (2) transformer banks, which will 
pass zero sequence current. 


3. Xz = apparent reactance (actually impedance) of equivalent power line mileage 
from source to fault. (Use actual mileage, if only one power circuit is involved), using 
Fig. 23c. 

4. X= Fe Xa are 


5. Z = VR? + X?, where R = neutral and fault resistances, if any. 
6. Short-circuit (fault) current Jy, using Fig. 23d. 


Notes: If connected generator kva is more or less than the connected transformer kva by a factor of 
2 or more, use connected generator kva supplying fault, for Figs. 23a and b. 
If a reactance Xy is used in the grounding neutral, replace X with X + Xy. 
Figures 23a, c, and d are based on the following assumptions: 
. A single 60-cycle generating station, 
. Radial transmission line. 
Total connected transformer kva at station equals connected generator kva. 
Line side neutrals of all transformer banks are grounded and will pass zero sequence current. 
All transformer and generator capacities are so bussed as to be effective in supplying faulted line. 
. All transformers have 8 per cent reactance, based on kva rating of bank. 
. Representative average conductor spacings and sizes. 
. Earth resistivity of 100 meter-ohms (in the case of Fig. 23c). 


The above procedure is not to be considered an exact method of short-circuit current 
calculation, since it usually provides only a rough determination, the method of symmet- 
rical components being the proper one for more accurate results (see Electrical Engineers 
Handbook, Vol. 1, Electric Power, H. Pender and Wm. A. Del Mar, John Wiley & Sons). 
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_ Having determined the mutual impedance Zy, and short-circuit current I;, for any 
given situation and power line fault, the longitudinal induced voltage Ey, on the adjacent 
communication aerial open wires or cable, is given by the expression 


Ey =Iy-Zu-n 
(Zu from Fig. 22 or similar curves; 7 = shield factor.) 

SHIELDING. Another important factor in determining the net coupling is the effect of 
grounded wires or other linear grounded metallic structures along the exposure. V oltages 
are induced in such grounded metallic structures in the same way as they are induced in 
telephone wires, and these voltages establish currents. The induced currents flowing in 
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¥ia. 24. Shield Factors for Aerial Lead Cable at 60 Cycles (Report 48, J.C.P.C.) 


these structures set up magnetic fields, which generally oppose those from the power wires 
and reduce the induction in the telephone circuit. The effect of such currents in grounded 
structures is known as shielding. 

The magnitude and phase relation of the current in a grounded conductor, and thus the 
shielding provided by it, depend on the impedance of the conductor with earth return. 
Hence, the shielding is increased, when the resistance of the conductor and its ground 
connections is reduced. Metallic cable sheaths comprise an important type of shielding 
conductor, as shown in Fig. 24 for aerial cables with plain lead sheath at 60 cycles; # is 
the sum of ground connection resistances at both ends of the cable sheath (in ohms) and 
Sis the length of cable circuit between terminals or grounds (in kilofeet). With increasing 
end-ground resistance, the shield factors for voltages measured to ground increase, while 
the shield factors for the voltages to sheath (between sheath and conductors) decrease. 

The earth resistivity was assumed to be 100 meter-ohms. Figure 25 shows shielding 
effects at 60 cycles from grounded telephone open wires. 

In analyzing the distribution of induced voltage between a telephone circuit and ground, 
assume first that no protectors are operated. Under this condition, the voltages to ground 
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on the telephone wires at various points are determined by the impedances between the 
wires and ground along the line and at central offices where equipment is connected to 
them. The voltage to ground at either end of the exposure is equal to the product of the 
longitudinal current and the impedance to ground seen looking away from the exposure 

at that end. In practice, the 
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Fia. 25. Shielding Resulting from the Grounding of Conductors ground, Bo that the induced 
of an Open-wire Telephone Line (Courtesy Bell System) voltage will cause current to 
flow through both protectors. 

(c) The voltages to ground on the circuits on which protectors have operated are 
changed and redistributed, and the voltages on the other telephone circuits are also 
changed and redistributed, owing to shielding. 

All these effects take place within a very short time after the induced voltage is applied, 
so that, for all practical purposes, they can usually be considered instantaneous. 

ACOUSTIC DISTURBANCE. Strictly the term ‘‘acoustic disturbance” should be 
used only with reference to the effect of an abnormally loud sound on a person subjected 
to it. The term has also come to designate a noise (usually transient) in a telephone 
receiver, the intensity of which is considerably higher than that of speech. It is produced 
by an excessive voltage across the terminals of the receiver. 

Although induced voltages usually appear in equal magnitudes on the two sides of a 
circuit, the protector gaps on the two sides of the circuit discharge in an unsymmetrical 
manner, with the result that a voltage higher than normal appears across the circuit. 
When this occurs, a loud noise is pro- 
duced in the receiver of a telephone 
set bridged across the circuit, causing 
acoustic disturbance. This may be 
produced by low-frequency induction, 
lightning, contacts between power 
and telephone circuits, and by other 
causes. S 

Figure 26 shows oscillograph traces g 
of voltages measured across operating *]~~ 500 = 2 = 2 ————~T¥ No.3! 
protector blocks. Each outside trace 3 Element 


shows the voltage across its related rigteelsoren ives Wig ear Fae 

* . ° scilograms owlng rotector erftormance 
block to ground. It will be noted that with Impressed Potentials across the Protector Blocks 
the two traces are not identical. The 


middle trace shows the resulting voltage across the circuit. It is this voltage that may 
cause acoustic disturbance. The very jagged outline of these traces indicates that many 
frequencies are present. 

PROBABILITY FACTORS. In the preceding discussion, a number of factors were 
yee which may vary between different occurrences in the same exposure. Among 
them are: 


(a) The impedance in the faulted circuit. This varies with the location of faults 
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effective fault resistance, and other factors, with consequent effect on the magnitude of 
the fault current. 

(b) The duration of the fault current. This varies with conditions that affect the speed 
of operation of the power-circuit interrupting devices. 

(c) Longitudinal voltage, voltage to ground, and current through protectors. These 
may vary widely with small variations in the locations of faults when they occur within 
the exposure. 

(d) Shielding due to the operation of protectors on telephone circuits. The number of 
protectors that operate may vary widely, depending on their characteristics and the mag- 
nitude of the induced voltage. 

LOW-FREQUENCY INDUCTION CONTROL, though not usually required under 
normal operating conditions, must be planned for in advance where service may be affected 
by abnormal power-circuit conditions and where prompt action must be taken to restore 
normal operating conditions when abnormal conditions arise. Cooperative advance 
notices of construction and coordinative plans are essential in controlling the generally 
serious effects of low-frequency induction. 

The low-frequency coordination of power and communication systems may be accom- 
plished by (1) measures in the power system to limit the influence, (2) measures in the 
communication system to limit the susceptiveness, and (3) coordinated location of lines 
or other means to reduce coupling. In a specific situation, one measure may be sufficient 
or two or more measures may be required, depending on the conditions. 

POWER SYSTEMS. Measures to reduce the inductive influence of power systems 
should be directed to limiting the magnitude of unbalanced currents and voltages, par- 
ticularly under abnormal conditions, and to reducing the duration and frequency of occur- 
rence of faults. Of such measures, some are concerned with questions of line and system 
design and must be incorporated in the construction plans and others may be added later, 
if found necessary as the result of operating experience. 

Fault-resistive Design and Construction. Since lightning is a major cause of faults 
on power systems, the developments in methods of lightning protection have substantially 
aided the low-frequency coordination problem. 

Fault-current Lmitation. Resistors or reactors in the neutrals of power systems provide 
a means of limiting the magnitude of the residual currents except when double faults occur. 

Shielding. Ground wires on a power line, though they may increase the total residual 
current, provide shielding by reducing the strength of the external electric and magnetic 
fields. Under fault conditions, ground wires generally reduce the voltages induced in 
paralleling communication circuits. The effectiveness of such shielding depends on the 
impedance of the shielding conductor and its ground connections. Under favorable condi- 
tions, the induced voltage at 60 cycles may be reduced about 40 per cent by the use of 
one wire, and about 60 per cent by the use of two wires. However, such shield wires may 
increase the normal 60-cycle induced voltage, and this reaction may be important where 
ground-return telegraph circuits are involved. 

High-speed Circuit Breakers and Relays. High-speed relay and switching systems 
have been developed that reduce the time duration of a power-line fault to the order of 
1/5 second or less under favorable conditions, thus tending to minimize the effects of 
induction. Because of the expense, high-speed switching can seldom be justified except 
on important high-voltage transmission systems. 

Improvement in Balance. Low-frequency induction between power and communica- 
tion lines is sometimes experienced under normal operating conditions. On grounded 
telegraph and signal lines, the trouble usually manifests itself by a chattering of telegraph 
instruments or by false signals. Sometimes power-line transpositions will aid in these 
situations. 

COMMUNICATION SYSTEMS. In general, coordinative measures, applicable to the 
communication system, take the form of arrangements or devices for removing or counter- 
acting the voltages, the voltage to ground, or the current through telephone protectors. 

Relay Protectors. The short-circuiting relay (SCR) protector is designed for applica- 
tion to open-wire telephone lines which may be subjected to low-frequency induction of 
sufficient magnitude to warrant the costs of providing it. This device employs, for each 
open-wire circuit, a relay which short-circuits the usual protector blocks associated with 
the circuit and grounds the circuit. In one device of this type (Fig. 27), a master relay 
controls operation of all of the individual circuit relays, the master relay operating in about 
0.01 second and the individual relays about 0.15 second later, after any one of the line 
protector blocks operates. The master relay operates when about 1 amp or, more of 60- 
cycle current flows through the primary winding of the saturating transformer to ground. 
This produces a voltage across the secondary of the transformer, operating the master 
“J” type relay, causing the short-circuiting relays to operate and short-circuit cach line 
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and its associated protector blocks. The master relay can be adjusted to release on about 
0.8 amp of line current. Thus, with operation of the pilot relay, all relays operate on 
about 0.5 amp direct current and ground all wires on the line at the locations where this 
equipment is installed. The equipment may be installed at any outside point on the open- 
wire line or in the central office, as desired. It is assembled in groups for application to 
10 to 50 or more wires and, together with the dry-cell batteries for operating the circuit 
relays, is housed in standard cable terminal boxes. 

Acoustic Disturbance Reducers. One of the most effective ways of reducing acoustic 
disturbance to operators is to shunt their receivers with a device that will have a high 
impedance at speech level and a low impedance at acoustic-disturbance level. One such 
device that has proved effective consists of oppositely poled copper oxide rectifier disks 
connected across the receiver. These have the property of greatly diminishing impedance 
with increasing voltage. 

Shielding. Shielding on a telephone line may be effected by special grounded conduc- 
tors, by working conductors, or by cable sheaths. Miscellaneous structures, such as pipe 
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Fie. 27. A-c Type Short-circuiting Relay Protector Circuit—Multi-grounding (Report 41, J.C.P.C.) 


lines or rails in the immediate vicinity of an exposure, also introduce shielding. A high- 
conductivity shield wire, well grounded at the ends of the exposure and at intermediate 
points, may reduce the induced voltage by as much as 40 per cent at 60 cycles. 

The lead sheath of a 2 5/g-in.-diameter aerial telephone cable, if effectively grounded 
at the ends, reduces the voltage induced in the conductors within the cable by about 50 
per cent at 60 cycles. The shielding secured from the sheath of an underground cable of 
this size is also about 50 per cent. The large number of conductors in a cable affords mutual 
shielding which varies from a negligible to a considerable amount (sometimes exceeding 
95 per cent), depending upon many factors, important among which is the extent of the 
cable beyond the ends of the exposure and the grounding conditions on the circuits at their 
terminals. If two or more cables are close together through an exposure, each benefits by 
the shielding action of the others, so that the shielding increases with the number of cables. 

If the lead sheath of the cable is surrounded by magnetic material, as by armoring or 
placing cable in iron pipe, the shielding may be largely increased. With a form of iron 
tape armored cable, shielding at 60 cycles may be 80 per cent or more, assuming effective 
grounding. 

Other Measures. Sometimes drainage and neutralizing transformers may be of use. 
Drainage is achieved by grounding the midpoint of a coil connected between the two sides 
of the communication circuit, the coil being wound in such a way that it presents a low 
impedance to longitudinal currents and a high impedance to alternating currents in the 
metallic circuit. The voltage to ground on the communication circuit at the point where 
the drainage is connected is limited to the voltage drop over the impedance of the coil 
and ground connection. 

The neutralizing transformer introduces into the exposed communication wires a voltage 
in opposition to the disturbing voltage, thereby partly neutralizing it, as described under 
“Noise Induction Mitigation” in article 32. 

On account of the cost and the operating limitations that these measures impose on 
the use of carrier, d-c telegraph, and testing, they have only occasionally been employed 
in the commercial telephone plant. Neutralizing transformers have, however, been used 


on telegraph circuits and for special protection purposes on other types of communication 
and signal circuits, 
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ELECTRICAL MEASUREMENTS 


FREQUENCY MEASUREMENTS 


By Warren A. Marrison 


1. DEFINITIONS 


By frequency is meant the number of times any periodic phenomenon recurs in a standard 
unit of time. In general it is stated as the number of complete vibrations, or oscillations, 
or revolutions performed in 1 sec. 

Occasionally other units of time are used, but usually they are specified so there is little 
or no ambiguity. Thus, we speak of revolutions per minute. Sometimes tuning forks 
are stamped DV or VS after the number designating the frequency. DV, which stands 
for ‘‘double vibrations,’’ means frequency as defined above, that is, the number of com- 
plete periods per second. VS, which stands for ‘‘vibrations per second,” designates twice 
the true frequency. 

The period of a cyclic or periodic phenomenon is the time duration of one complete 
cycle. The rates of slow periodic phenomena are usually expressed in terms of the period. 
For example, the period of a ‘‘seconds’’ pendulum is 2 sec. 

Frequency may also be designated as angular velocity, especially in expressions repre- 
senting the rate as a trigonometric function of time. Thus in expressions of the type 

I = Ipsin (at + a) 
the constant, w = 27f, may be considered as an angular velocity. 

Frequency may be expressed in terms of wavelength when the velocity of wave propaga- 
tion in a medium is assumed. This is most often used in discussions of electromagnetic 
radiation where the velocity is approximately that of light, c = 2.998 10° em per sec. 
The general relationship between frequency, velocity, and wavelength is 


Velocity v 


UC Wavelength ey. 


A standard of frequency differs from most other working standards in that it is a rate 
and cannot be represented completely by a physical body that can be preserved. Although 
the frequency of a bar, or other simple shape, can be defined approximately for a given 
mode of vibration in terms of its dimensions, density, elasticity, and coupling to other 
bodies, the effects of these factors will not remain constant with as great accuracy as that 
to which the resultant frequency can be measured in terms of astronomical time, that is, 
in terms of the rate of the earth’s rotation on its axis. 

In the present system of measurements, the primary standard of frequency is the rate 
of the earth’s rotation, since all measurements of frequency are referred directly or in- 
directly to the second of the egs system which is by definition 1/86,400 of a mean solar day. 

By the application of recently discovered atomic or molecular resonance phenomena to 
the measurement of frequency and time it may be found possible eventually to place all 
such measurements on a more nearly absolute basis, quite independent of the stability 
of masses of matter such as now comprise the control elements in reference standards of 
frequency and time, and independent of variations known to exist in astronomical time 
itself. Some of these atomic and molecular resonance phenomena are in the range for 
which continuous oscillations at ultra-high frequency may be produced by modern vacuum- 
tube means, indicating the possibility of making frequency comparisons of high precision 
throughout the entire range of continuous magnetic waves. The possibility of so using 
these resonance phenomena was discussed by Professor I. I. Rabi in a talk before the 
American Physical Society and the American Association of Physics Teachers in January, 
1945. 

The great importance of this impending development lies in the idea that the atomic 
and molecular resonance phenomena, being properties of independent elementary particles 
of matter, appear to be in certain cases completely independent of temperature, pressure, 
and other ambient conditions, which in various degrees affect the behavior of all existing 
practical standards of frequency and time. 
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Table 1. Some Useful Frequency Formulas 


A-c generator with alternate N and §S poles: 


Inductor generator: 


. Electrical resonant circuit with L and C: 


Same with ZL, C, and R in series: 


. Frequency of electromagnetic radiation (A = wavelength): 


Frequency of sound vibrations in any medium: 


If a condenser is charged to voltage E and completely discharged 


f times a second into a current-measuring device: 


. The period T of a simple pendulum with double amplitude = 26: 


The frequency for small amplitude: 


Conical pendulum (angle @ to vertical): 


Vertical pendulum (mass supported on spring): 


Torsion pendulum: 
where 7, l, and R are the torsion modulus, length, and radius of 
the supporting member, and J is the moment of inertia of the 
mass. 


. Stretched string: 


Overtones are 2f, 3f, etc. 


. Uniform rod, free-free, longitudinal: 


Overtones are 2f, 3f, etc. 


. Uniform round rod, free-free, torsion: 


Overtones are 2f, 3f, etc. 


. Long air column open at both ends: 


y = ratio of the specific heats. 
Overtones are 2f, 3f, etc. 


Long air column open at one end: 
Overtones are 3f, 5f, etc. 


Straight free-free bar in flexure: 


k is radius of gyration of section. 
Overtones are (5/3)"/, (7/3)*4, (9/3)/, ete. 


For flexural vibrations in general, tuning forks, reeds, etc., having 
uniform section: 


where K is a constant for a given shape and mode of vibra- 
tion. y 

For any note in the equally tempered scale where is the total 
number of semitones above (+) or below (—) middle C. 
(A = 440 cps.) 

Exact frequency ratios between successive notes in the major 
diatonic scale are: 9/8, 10/9, 16/15, 9/8, 10/9, 9/8, 16/15. 


Where I is the distance between nodes on Lecher wires or in 
a coaxial conductor: 


f= 
f= 
f= 


fan 


No. of poles X rps 
2 
No. of poles X rps 
nom 
Qnv/ LC 
1 


2na/LC — (R?/4L?) 


3.00 x 101° 
(em) 


ih {Young's modulus 
oN Density 


Mean current 
CXE 


l 1 0 
anal! 1+ cint® ...) 
(a+ fants 

BY AG 

2a i 
aL! g 
Qr l cos 6 


eigk | Stiffness 


Qn Mass 

ab anR4 

2a 2uI 

1 Tension 


21 Mass per unit length 


1 monte modulus 
21 Density 


1 /Torsion modulus 
21 Density _ 
i, ene 

21 Density 

uv |y Pressure 

4l Density 


Oxk Ap modulus 
8l? Density 


kt rou modulus 
12 Density 


= 220 x 2(3n)/12 
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The most accurate reference standards of frequency in use at present are vacuum-tube 
oscillators whose frequencies are controlled by mechanical vibrators made of quartz 
crystal. A special advantage of the oscillator type of standard is that its output of con- 
stant-frequency current can be sent over suitable communication channels and used 
anywhere as a reference standard of frequency. Such standards are maintained contin- 
uously by the laboratories of the National Bureau of Standards, the Bell System, and 
many others in America and abroad. 

Oscillators of somewhat less accuracy have been built employing tuning forks or bars 
of metal for the frequency-controlling element. Usually these are coupled to the vacuum- 
tube circuit through electromagnetic means, but many such oscillators have been built 
using magnetostriction and electrostatic attraction for the coupling means. Prior to the 
general use of quartz for precise control, such oscillators were used in most frequency 
standard installations. Now they are used chiefly where the advantage of direct low- 
frequency control outweighs the requirement for extreme accuracy. 

Although, for the greatest accuracy, frequency is defined and measured in terms of 
astronomical time, preferably by means of a combined time and frequency reference stand- 
ard, there are many cases in which a good estimate of its value can be made from a knowl- 
edge of means controlling it or responding to it. Table 1 contains a number of formulas 
that may be used for the approximate determination of frequency under a variety of con- 
ditions. 

Frequency measurements find their chief applications in electrical communication where 
they are used in the study and adjustment of various oscillators and electrical networks 
such as filters and equalizers. This applies in varying importance from the lowest frequen- 
cies employed in d-c telegraph to the highest used in ultra-short-wave radio. 

They are involved in the control of power frequencies and in certain time systems. They 
are used in measuring linear and angular velocity and acceleration, for the study of vibra- 
tion in mechanical systems, and for the most precise determinations of electrical-circuit 
constants. 

They are of ever-increasing importance in basic physical studies involving relations 
between astronomical time, the velocity of light, and resonance phenomena in atoms and 
molecules. 


2. USING A TIME STANDARD 


COUNTING. Since frequency is defined as the number of recurrences of a cyclic phe- 
nomenon per unit of time, the most direct method of its measurement, and at the same 
time the most precise, is to count the total number of cycles during a known time interval 
and to divide by the number of elapsed seconds. The only inaccuracies in this method 
are in determining the time interval and in estimating the number of cycles. If the time 
error can be assumed to be negligible, and if the frequency is constant, the accuracy may 
be increased to any extent Ly increasing the duration of the measurement. 

Depending on the nature and the frequency of the phenomena to be measured, and the 
accuracy required, the instrumentation may vary over a very wide range. For low fre- 
quencies, and with relatively low accuracy, a stop watch may be used to count recurrences 
over intervals of a few seconds. For greater accuracy, and for frequencies too high for 
direct perception, some automatic registering or totalizing means is required. By means 
of a chronograph or oscillograph, a recording 
{—-- can be made of the recurrences during a speci- 
fied time interval which may be analyzed at 
leisure. By various counting means a continu- 
ous total may be produced from which the fre- 
quency may be determined with great accuracy 
in any desired time interval. 

SYNCHRONOUS CLOCK. This in effect is 
the method used in calibrating the most accu- 
rate frequency standards of the quartz-con- 
trolled oscillator type. The actual method con- 
hip "a sists in operating a synchronous clock from the 

t standard frequency source and in measuring 

Fic. 1. Submultiple Generator of the Multi- the rate of the clock in terms of observatory 
vibrator Type. See Careforcoupling time signals (astronomical time) by means of a 
: chronograph. Since the accuracy of individual 

time signals may be somewhat better than 0.01 sec, the day-by-day accuracy of this 
method is of the order of 1 part in ten million. When the constancy of an oscillator 
justifies the use of a longer interval between checks, the accuracy of determination may 


High-frequency input 
1 
' 
+ 
o 
Low-frequency output 
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be increased correspondingly. In this manner the rates of the best crystal oscillators 
may be determined in terms of astronomical time with an accuracy better than 1 part 


in a hundred million. 


When accuracies of this order are involved, the variations in astronomical time itself 
should be taken into account, since changes in the rate of the earth in excess of 1 part in a 
hundred million have been observed from time to time. The largest such variation in 
recent years occurred in 1918 and amounted to about 1 part in thirty million. 

Since the frequency of a crystal oscillator, best suited for use as a precise frequency 
standard, is too high to operate a synchronous motor directly, a circuit known as a sub- 


multiple generator is used to 
produce a frequency which is 
an exact submultiple of the 
original. Two or more stages 
may be required, depending 
on the ratio of the end fre- 
quencies. In one system that 
has operated continuously for 
over 10 years, the ratios 5 X 


nxf 


Input 


Amplifler 


Harmonic 
generator 


Fie. 2. Submultiple prone ety of the Regenerative Modulator 
ype 


Low-pass Ss 
filter Output 


5 X 4 are used to operate 1000-cycle motors from a 100,000-cycle primary standard. Simi- 
lar means may be used to obtain frequencies in any range convenient for distribution or for 
measurements which bear any exact rational relation to the primary control frequency. 
Two of the more important means for frequency subdivision are illustrated in Figs. 1 and 2. 
Although the former is most widely used, the latter has the advantage that no output is 


produced in the absence of an input. 


3. USING A FREQUENCY STANDARD 


(Frequency Comparison) 


Methods for frequency comparison may be divided broadly into two main classes: 
those in which the actual number of cycles difference per unit of time may be determined 


8 


under good conditions. 


between the unknown frequency and some simple 
exact fraction or multiple of the standard, and those 
in which some approximation is used that does not 
permit of actual counting. The first includes the va- 
rious beat methods, the accuracy of which is limited 
only by the stability of the sources and the duration 
of observations. An accuracy of comparison of 1 part 
in 10!° may be obtained by some of these methods 
The latter includes (1) meth- 
ods in which, for convenience and speed of operation, 
a calibrated interpolation oscillator is used to interpo- 
late between standard frequency values, (2) methods 


Fic. 3. Balanced Vacuum Tube Mod- in which circuit selectivity, or other non-synchronous 
ulator for Observing Low-frequency means, are used to indicate frequency in some part of 

Beats the system, and (3) methods in which the frequency 
of the source is in such a high range that the low-frequency beat contains irregularities 
and cannot be treated as a sine wave and used in any direct counting procedure. The 


accuracy of measurement in the last main class rarely ex- 
ceeds 1 part in a million and may vary over a wide range, 
depending on the particular apparatus used and the skill of 
the observer. 

ZERO BEAT. The simplest, most direct, and most accu- 
rate methods are those for comparing two frequencies which 
have nearly the same value. If the two sources are directed 
into a modulator so that the low-frequency second-order 
modulation produced goes through a d-c meter, the meter 
reading will vary periodically at a rate which is the difference 
between the two input frequencies.. Thus the beats may be 
counted over a suitable interval and the number per second 
thus determined and added to or subtracted from the stand- 
ard to obtain the unknown value. If the two frequencies are 


f, 


awe 


Fia. 4. Copper Oxide Modu- 
lator for Observing Low-fre- 
quency Beats 


alike, there is no response, hence the term “‘zero beat.’’ Figures 3 and 4 illustrate typical 


modulator circuits usefu! for this method. 


\ 
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If a third-order modulator is used, such as silicon carbide, the greatest response is ob- 
tained with input frequencies near the ratio of 2: 1. If higher-order modulation products 
are used, as by overloading vacuum tubes or other modulators, appreciable response can. 
be obtained even when the input frequencies are related as m : n, provided that the product 
of the integers m and n is not too great. In this case beats are obtained between the nth 
harmonic of one input and the mth harmonic of the other. The numerical accuracy ob- 
tained is proportional to the ratio of the actual beat frequency observed to the frequency 
of the particular harmonic involved in the measurement. If the beat frequency obtained 
in this way is too high to observe directly, other means may be used to determine it. 

The accuracy obtainable by this general method may be very high. For example, if 
the two frequencies, being in the ratio of nearly 1: 1, are about 100,000 cycles, and if a 
beat of about 1 cycle in 10 seconds is obtained, an accuracy of only 10 per cent in the 
observed beat frequency corresponds to an accuracy of 1 part in ten million in the compar- 
ison of the two high frequencies. Highly stable sources may be compared readily by this 
means with an accuracy exceeding 1 part in 10". 

OTHER BEAT METHODS. If the beat frequency obtained from a modulator is too 
high to observe directly, it may be measured by any other method suitable for the par- 
ticular range encountered. For continuous comparisons the most precise method is to 
operate a synchronous clock from the beat frequency and to compute the frequency from 
its rate. A small percentage change in the rate of the undetermined high frequency will 
cause a much larger percentage change in the rate of the clock. For example, if the stand- 
ard were 100,000 cycles and the undetermined frequency in the neighborhood of 100,100 
cycles, the multiplying factor would be 1000. 

If merely an indication of moderate accuracy is required, without integrating or record- 
ing, a commercial frequency meter, such as the vibrating-reed type, can be used giving a 
direct reading accurate to 1 cycle or a little better. The beat frequency must of course 
fall in the range of the particular instrument employed. 

A very satisfactory direct-reading means for measuring the beat frequency in the range 
from one cycle to about 200 cycles per second is illustrated in Fig. 5. The modulator 

output operates a relay having a transfer con- 

tact combination. A condenser with capac- 

itance C is charged to voltage E at the beat 

eieente frequency f times per second. The meter 

relay then reads f X C X EH, which is directly pro~ 

G] portional to f. The factors C and # may be 

WA chosen in relation to the sensitivity of the 

4—o—]|II meter so as to obtain a satisfactory scale 

E reading. For very low frequencies, either a 

ballistic type of meter should be used, or a 

filter should be included in the meter circuit, 

in order to reduce meter fluctuation. Greater 

¥ia. 5. Direct-reading Beat Frequency Indicator &CCuracy May be obtained, at the expense of 

the direct-reading feature, by balancing the 

voltage across a resistor, used instead of the meter, against a fraction of the voltage EZ, thus 

producing a null instrument. Both methods are suitable for continuous recording with 
commercial sensitive d-c recorders and are capable of high overall accuracy. 

Direct-reading instruments on the above principle have been built in which the relay 
is replaced by electron trigger tubes in order to extend the usable range of the beat fre- 
quency. 

If the beat frequency is too high to measure accurately by any direct method, it can be 
determined in terms of a lower standard frequency by using a second modulating stage. 
This process can be carried out through a number of stages if desired so that, regardless of 
the value of the original undetermined frequency, the final beat is low enough to be meas- 
ured accurately by some direct method. In one method that has been worked out in 
practice for measuring high frequencies, the frequency standard is made available in 
multiples of 1,000,000 cycles, 100,000 cycles, 10,000 cycles, ete., so that, by successive 
stages of modulation, a frequency determination is made in the range between 5000 and 
30,000 ke in terms of a low-frequency beat and exact multiples of the several decade 
standards. ‘ 

The frequency range over which this principle may be applied is limited only by the 
stability of the high-frequency oscillations. So long as the final beat frequency can be 
measured as a continuous sine wave, the limiting accuracy is about the same as for the 
zero-beat method. When, as is true at present of many ultra-high-frequency oscillators, 
the final beat signal contains such random variations that the cycles cannot be actually 
counted, some uncertainty enters even the best determinations of frequency. However, 
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the accuracy may still be very high, because the beat frequency can be made such a very 
ae part of the total range, thus reducing the necessity for great accuracy in its measure- 
ment. 

STROBOSCOPIC METHODS. Stroboscopic methods are used for comparing the 
rate of one mechanicai rotation or vibration with another or with the frequency of a fluc- 
tuating source of illumination. They are essentially low-frequency methods but have 
been used to measure speeds of rotation in excess of 10,000 rps. The accuracy of compar- 
ison is limited only by the constancy of the rates involved and the duration of a measure- 
ment, being in that respect like the beat methods just discussed. 

In general a means is provided for permitting an observer to see an object periodically 
for very short intervals of time. If the object has a periodic structure like gear teeth or 
spokes, and if in the interval between glimpses it rotates a distance equal to one or any 
whole number of elements, it will appear to be stationary. If the glimpse frequency is 
not exactly equal to the apparent 
periodicity in the rotating struc- 
ture, it will appear to move slowly, 
the amount and direction of mo- 
tion corresponding to the relative 
rates. The time required for an 
apparent motion of the structure 
equal to one element space may be 
considered as the duration of one 
““‘beat’’ and treated as such in the 
comparison of rates. This method 
can be used in a large number of 
ways for measuring or comparing © 
rotation speeds or for measuring 
frequency in terms of known rota- 
tion speeds, or vice versa. 

A simple apparatus for either 
case consists of a neon or other va- 
por lamp which can be flashed pe- 
riodically by pulsating current, and 
a disk such as shown in Fig. 6 hav- 
ing concentric rows of black and 
white sectors of different periodic- 
ity, attached to a suitable rotating 
mechanism. If properly chosen, Ftia. 6. Stroboscope Disk (Courtesy of General Radio Co.) 
one row of sectors will appear sta- 
tionary or nearly so in the intermittent illumination, and from the observation the 
ratio of the rotation speed to the flash frequency can be deduced readily and with great 
accuracy. 

Similarly the frequency of any mechanical vibration of sufficient’ amplitude can be 
determined by observing the motion with a light flashed at a frequency that can be ad- 
justed to the proper range. If the flash frequency is adjusted to the highest value that 
will give a single image of the vibrating part, that is the desired frequency, which can 
then be measured by electrical means or read from a calibrated dial. 

CATHODE-RAY OSCILLOSCOPE. Probably the most useful of all laboratory 
apparatus for frequency comparison is the cathode-ray oscilloscope, now available in 
many compact and convenient forms. (See also Section 15, article 23.) 

The oscilloscope, illustrated in Fig. 7, consists®@f a device for producing a stream of 
electrons which is directed toward a fluorescent screen within an evacuated tube, and of 
means for deflecting the electron’beam in accordance with currents or voltages to be 
studied, thereby moving the luminous spot on the‘gcreen. At ordinary frequencies the 
motion of the spot is so rapid that its path is indicated by a continuous trace. 

In the usual form of tube the deflections are obtained electrostatically by applying 
voltage to pairs of parallel electrodes between which the electron-beam passes. When two 
voltage waves are to be compared they are connected to the two pairs of mutually perpen- 
dicular plates corresponding to the x and y axes in a cartesian coordinate system.', The 
resulting motion of the spot on the screen is such that f 


x = ke sin (wit + $1) 
y = kez sin (wet + ¢2) 


where & is a constant for the tube and where e, w, and ¢ are the voltage, angular velocity, 
and phase corresponding to the input waves. 
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The actual figure that is traced can be determined analytically in simple cases by elim- 


inating t between the two equations. For example, if e¢: = 2, a1 = 2, and g — gi = 1/2, 


» 
Electron 


Control Fluorescent 
Electrodes Screen 


Fie. 7. Schematic of Cathode-ray Oscilloscope, Illustrating Electrostatic Method for Obtaining 
Lissajous Figures 


we get x? + y* = k’e”, which is the equation of a circle. As the angle (g: — gi) changes 
we get various phases of an ellipse until, when it becomes 0 or 7, it degenerates into 2 
straight line inclined 45° to the axes. Thus when two waves are compared having equal 
amplitude and nearly equal frequencies, the pattern goes through a compete series of 
ellipses once for each cycle gained or lost by one frequency on the other. One such cycle 


Phase Angle 
Musical o° 45° 90° 135° 180° Frequency 
Interval Ratio 
sal ie) REO 
Octave = ; > « ch 2.1 
ae e ie BSS x ee ‘e 


Fie. 8. Typical Lissajous Figures with Corresponding Frequency Ratios and Musical Intervals 


of pattern changes corresponds to one ‘‘beat’’ between the input frequencies. Measuring 
the frequency of recurrence of such beats provides a convenient and extremely accurate 
comparison between the input frequencies. 

Patterns formed in this way by frequencies that are equal or related as m : n, where m 
and n are integers, are known as Lissajous figures. Several such figures.corresponding to 
simple frequency ratios and different 
phase angles are shown in Fig. 8. 

When frequencies are to be com- 
pared which’ differ by a rather large 
ratio, say 10: 1, a figure is obtained 
such as shown in Fig. 9. The figure 
looks like the projection of a sinusoidal 
trace of 10 cycles around a transparent 
Fie. 9. Ten-to-one Lissajous Figure cylinder. For illustration only, the 

drawing shows half of the figure solid, 
corresponding to the front side of the hypothetical cylinder, and the remaining half dotted. 
Actually, as viewed on the screen these two parts are indistinguishable in appearance. 
If the ratio departs very slightly from 10 : 1, the pattern moves as though the hypothetical 
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zylinder rotated slowly at the rate of 1 complete revolution for every cycle gained or lost 
at the low frequency. Thus when the part shown solid in Fig. 9 moves to the right, 
the part shown dotted moves in the opposite direction. 

In order to avoid the confusion of this double pattern, most cathode-ray oscilloscopes 
are now equipped with sawtesth wave sweep circuits, the frequency of which may be 
precisely controlled by an external standard. By this means the back pattern is eliminated 
and the whole visible pattern stands-or moves as a unit. 

Sometimes it is desirable to compare frequencies bearing a large ratio such as 100: 1, 
or even 1000 : 1, in order to study small departures from such ratios, determined by other 
means, or to adjust the frequencies to those exact ratices. The patterns corresponding to 
such large ratios are too complex to be used in determining them directly, but by means 
of an auxiliary oscillator of intermediate frequency it is easy to obtain a nearly exact 
adjustment in two or three stages. For example, the 100: 1 setting can be obtained by 
means of an auxiliary oscillator having 10 times the lower of the two frequencies concerned. 
As soon as the approximate adjustment is obtained between the end frequencies, the inter- 
mediate oscillator can be dispensed with and the final comparison carried out with the 
large ratio pattern. In such a procedure the horizontal gain of the oscilloscope may be 
made so large that only part of the complete figure appears on the screen. Because of the 
enlargement of the figure obtained in this way the accuracy of observation is materially 
improved. This is essentially a zero-beat method permitting extreme accuracy of com- 
parison. 

Frequencies over a very wide range may be compared by the cathode-ray-oscilloscope 
method, since many oscilloscope tubes will produce clear figures with inputs from the 
lowest frequencies up to many megacycles. The interpretation of multiline figures corre- 
sponding to fractional ratios and many special methods for using the oscilloscope are 
described in the references. 

AUDIBLE METHODS. Audible methods are often useful, especially as a means for 
observing in one of the various beat methods. For example, if two frequencies which are 
nearly alike can be heard simultaneously, the beat frequency may be sensed as variations 
in loudness. The beats may be counted in order to determine the departure of one fre- 
quency from the other, or one of the frequencies can be adjusted to match the other by 
listening for zero beat. If one or both of the sound sources is rich in harmonics other ratios 
than 1 : 1 may be studied readily by this means. 

When two audible frequencies are nearly alike and one source is movable in actual 
location, it is sometimes convenient to use the Doppler effect to determine which one is 
high. For example, if an observer holds a vibrating tuning fork in a stationary sound 
field of nearly the same frequency, slow beats will indicate the magnitude but not the sign 
of the frequency difference. However, if, while still vibrating, the fork is moved away 
from the observer and the beat frequency becomes lower (while moving), the fork fre- 
quency is higher than that of the sound field. 

Often the musical pitch sense may be used to advantage in comparing the actual pitch 
of two tones one of which may be considered as standard. Since a musical semitone is 
approximately 6 per cent, it is evident that by this means alone the ratio of two tones in 
the musical range may be estimated to well within 5 per cent. As a direct measurement, 
this accuracy is insufficient for most purposes, but it is good enough to be very useful in 
making estimates of beat frequencies between two high-frequency sources. For example, 
a 5 per cent error in the 500-cycle beat between two frequencies, nominally 25 megacycles, 
corresponds to an error of only 1 part in a million in their comparison. 

As an aid to this method it is convenient to keep in mind that the frequency ratios 
corresponding to the consecutive pairs of notes in the major diatonic scale are: 


9 10 16 9 10 9 16 


oe tC! as Ve = = = —— 
8 9 15 8 9 8 15 

The product of all these together equals 2, that is, an octave. Also the product of the 
first four equals 3/2, that is, the musical fifth, and similarly for the other recognized musical 


intervals. 
Most keyboard musical instruments are tuned to the equally tempered scale in which tne 


interval corresponding to all semitones is equal to “/2, and a whole tone equals two semi- 
tones. In Table 2 the actual frequencies are listed for a range including that of an 88 note 
piano with A above middle C equal to 440 vibrations per second. This is the most generally 
accepted standard of musical pitch. For the convenience of using round numbers, a pitch 
system is sometimes specified in which all the C’s are powers of 2, middle C being 256 
vibrations per second. The frequencies in this scale are about 2 per cent lower than in 
the accepted standard of musical pitch, corresponding to about a third of a semitone. The 


11-10 ELECTRICAL MEASUREMENTS 


Table 2. Equally Tempered Scale A = 440 


Cu-C3 @=C> Cr-O7 C1-C C2Ci C=C? (CP C=C 
Cc 16.35 32.70 65.41 130.81 261.63 523.25 1046.5 2093.0 
C# 17.32 34.65 69. 30 138.59 277.18 554.37 1108.7 2217.5 
D 18.35 36.71 73.42 146.83 293. 66 587.33 1174.7 2349.3 
D¥ 19.45 38.89 77.78 155.56 311.13 622.25 1244.5 2489.0 
E 20.60 41.20 82.41 164.81 329.63 659.25 1318.5 2637.0 
F 21.83 43.65 87.31 174.61 349.23 698. 46 1396.9 2793.8 
Fx 23.12 46.25 92.50 185.00 369.99 739.99 1480.0 2960.0 
@ 24.50 49.00 98.00 196.00 392.00 783.99 1568.0 3136.0 
Gx 25.96 51.91 103.83 207.65 415.30 830.61 1661.2 3322.4 
A 27:50 55.00 110.00 220.00 440.00 880.00 1760.0 3520.0 
Ax 29.14 58.27 116.54 233.08 466.16 932.33 1864.7 3729.3 
B 30.87 61.74 123.47 246.94 493.88 987.77 1975.6 3951.1 
GC 32.70 65.41 130.81 261.63 523.25 | 1046.50 2093.0 4186.0 


latter pitch is used chiefly in physics and sometimes is known as physical pitch. Inter- 
national pitch is based on A = 435. 

INTERPOLATION METHODS. Most measurements of frequency, apart from the 
intercomparison of standards and similar studies, can be made most expediently, and with 
sufficient accuracy, by the use of a calibrated interpolating oscillator in combination with 
some means such as just described for indicating exact frequency relationships. The 
principle is illustrated in Fig. 10, which may be modified or extended in numerous ways 
depending on the application. It is evident that other types of indicator than oscilloscopes 
could be used, and that by means of suitable switches, 
S; and Se, only one indicator is needed for the simple 
example described in the following. 

The operation is best explained by an example. Let 
the standard be 100,000 cycles, and let us determine a 
frequency, say 3,564,000 cycles, by means of an inter- 
polating oscillator stable in the range from 500,000 to 
600,000 cycles and having a vernier dial, V;, calibrated 
in thisrange. By a little experimenting one finds readily 
that an integral 6 : 1 pattern is observed on oscilloscope 
B when the interpolating oscillator is set a little below 

600,000. That is the cue to calibrate the interpolating 
oscillator at 600,000 in terms of the standard by setting 
Fra tO. Mireanoney tt Comparison the dial to that exact value and adjusting vernier V2 
with Interpolating Oscillator (which adjusts the frequency slightly, independently of 
Vi) until the ratio of the pattern on oscilloscope A 
is exactly 6: 1. When the oscillator is again adjusted to give a 6: 1 stationary pattern 
on oscilloscope B, the dial reading multiplied by 6 will be the frequency to be determined. 
In general it is best to so calibrate the interpolating oscillator that the two positions on 
the calibration dial are as near together as possible. When the oscilloscope is the indicator 
it is often desirable to use multiline figures in making one or both settings in order to accom- 
plish this. For example, if the unknown frequency bore some simple ratio to 533,000 
cycles, the three line pattern corresponding to the ratio 5 1/3 should be used in calibrating 
the interpolating oscillator. It is evident that the overall accuracy of the general method 
may be increased materially by this means especially if an auxiliary vernier dial is provided 
which is calibrated in a small percentage range and which can be used to interpolate be- 
tween two close settings. 

The method illustrated in Fig. 10 may be used in setting the ‘‘unknown” frequency at 
any value P X Q times the standard, where P and Q are integers or simple rational frac- 
tions. Using stationary figures on both oscilloscopes simultaneously, the accuracy of 
setting is very high. The ‘“‘unknown’’ frequency can then be used as standard in a wide 
choice of frequencies to extend the range. Sometimes it is convenient to use more than 
one interpolating oscillator when it is necessary to cover a wide range of frequencies. 

In particular this method can be used for extending the frequency of a standard upward 
for the purpose of measuring at ultra high frequencies in the decimeter and centimeter 
range. As yet, however, the oscilloscope cannot be used to obtain observable Lissajous 
figures at the highest frequencies because the stability of such oscillators is not yet good 
enough to produce stationary figures. This may be expected to come with time, however, 
and already cathode-ray tubes have been produced capable of resolving single traces at 
frequencies as high as. 10,000 megacycles. 


Oscilloscope  Interpolating Oscilloscope 
oscillator B 
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For ultra-high-frequency measurements in terms of a standard the usual method is ty 
heterodyne a harmonic of a measurable source, such as the ‘‘unknown”’ of Fig. 10, with 
the high frequency by means of a crystal detector and either to estimate the frequency: 
of the relatively low-frequency components obtained or to change the variable source until 
the detector output is as near to zero frequency as can be estimated. This does not have: 
to be actually zero to be good; it should be remembered that, when measuring 10,000 
megacycles, corresponding roughly to 3-cm waves, 10,000 cycles in the beat corresponds to 
only 1 part in a million in the overall measurement. 

Standards of frequency of very great accuracy are made available by the Nationa’ 
Bureau of Standards through continuous radio transmissions from station WWV. Ail 
the carrier frequencies, which are 2.5, 5, 10, 15, 20, 25, 30, and 35 megacycles, are regu- 
lated by the primary frequency standard of the bureau. Each carrier is modulated witli 
seconds pulses and with the audio frequencies 440 and 4000 cycles, also of very high, 
accuracy. 


4. EMPLOYING CIRCUIT ELEMENT SELECTIVITY 


When extreme accuracy is not a primary requirement, or when standard-frequency 
current is not available, it is often convenient to measure frequency in terms of the response, 
of selective electrical networks or mechanical resonators. 

METERS FOR POWER FREQUENCIES. Most of the commercial meters for indi- 
cating power frequency operate on one of three principles. Meters of the reed type employ 
a number of reeds tuned consecutively to slightly different values and loouely coupled ti 
an electromagnet energized by the current to be measured. The reeds whuse frequens¢s 


One Reed 
in Vibration 


Appearance of Scale 
When Indicating 
Frequency of Input 


Fig. 11. Vibrating-reed Frequency Meter 


correspond most nearly to the frequency of the input current vibrate at the lar. est ampli- 
tude. Usually the reeds are arranged in a row, as shown in Fig. 11, with the énds in line 
near a scale so that the frequency of the reed with greatest amplitude can be read off 
directly. Such meters are available in a considerable range of frequencie; and are very 
useful for measuring low frequencies directly or for indicating beat frequincies in their 
range. 

The Weston frequency meter, shown in Fig. 12, has a movable soft-ircr. armature free 
to move in the resultant field from two mutually per- 
pendicular coils. When the frequency has some nomi- 
nal value, the fields in the two coils are equal and the 
armature takes up a nominal position parallel to the 
resultant field. When the frequency changes, the 

ratio of currents in the coils changes, 
owing to the frequency selectivity of 
the input circuits, causing a shift in 
the resultant field and a correspond- 
ing movement of the armature. 

The induction frequency meter, 
shown in Fig. 13, consists essentially 
of two opposing induction voltmeter 
elements associated with one arma- 

~<— Input —>| ture. The two motor elements are 
Fig. 12. Weston Supplied through resistive and reac- 
Frequency Meter tive circuits respectively so that the yp, +3. Induction Frequency Meter 

ratio of the effective currents var.es 
with the applied frequency. In the type of meter shown, , circular disk is used and the 
indicating position is that for which a restoring spri jz just balances the resultant torque 
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from the opposing drive elements. The deflection is therefore proportional to the frequency 
deviation from a nominal value. 

In another type of this meter no restoring spring is used, but the armature is so shaped 
for one or both motor elements that the torque varies with angle of deflection as well as 
with input current. This permits an angular balance position to be obtained which does 
not depend upon the applied voltage or the reaction of a spring. 

Some meters for power frequencies employ resonance to increase the sensitivity in a 
narrow frequency range. These and others are described in standard works on power 
meters. 

BRIDGE METHODS. Various bridge methods may be used for measuring frequency. 
The one shown in Fig. 14 is typical. The bridge is balanced when 


1 ieee. ie 
(2 +ca le + ots) ee 


With head phones, or other suitable null indicator, the frequency can be measured in 
terms of R,, Rs, Ci, and C2. As a frequency meter two of these elements can be made 
variable and calibrated to read input frequency at 
balance. For more detail about bridge measuring 
devices see below, article 12. 

THE MONOCHORD. This is a useful labora- 
tory tool for the approximate determination of fre- 
quency in the lower and medium audible ranges. 
It consists of a steel wire under tension between 
movable bridges, the wire being coupled electro- 
magnetically to the a-c input to be measured. The 
frequency of maximum response can be determined 
from the constants of the system, or a calibration 
can be made in terms of length or tension. Under 
Fie. 14. Bridge for Measuring Frequency *°™® conditions an accuracy of 1 part in 1000 may 

be obtained with this means. 

RADIO WAVEMETER. The tuned circuit wavemeter, Fig. 15, used extensively for 
radio-frequency measurements from 10 ke to 100,000 ke, consists primarily of a coil and 
condenser connected in a closed circuit and loosely coupled to a source to be measured. 
The circuit is tuned, usually by means of the condenser, until a resonance condition is 
indicated. From a scale on the condenser, previously calibrated by means of accurately 
known input frequencies, the frequency of any source in a limited range can be read off 
directly. In commercial wavemeters of this sort a set of coils is generally provided suitable 
for use in a number of adjacent and somewhat overlapping ranges. 

The coupling from the source to be measured may be effected (1) through a low im- 
pedance, such as a low resistance, in series with the tuned circuit; (2) by loose magnetic 
coupling; or (3) by loose capacitance coupling as indicated in Fig. 15. 

Resonance may be indicated (1) by a current-indicating instrument, such as a thermal 
galvanometer, in series with the tuned circuit; (2) by a voltage-indicating instrument, such 
as a crystal detector or diode in 
parallel with the reactive elements ' 
Gf the source is modulated by au- 
dio frequency, head phones may 
provide the most convenient means 
for observing); (3) by the reaction 
on a power-indicating means asso- 
ciated with the source; (4) by a 
measure of power in a separate 
aperiodic circuit coupled to the 
tuned circuit but not directly to Shield 
the source; and (5) by means of 
amplification followed by detection 
as in a simple radio receiver. 

Although all five methods are used, the fifth is preferable because of the vanishingly 
small effect of the indicating means on the Q of the tuned circuit and hence on the precision 
of observation. Used as indicated, an effective Q of 500 may be attained in a good part 
of the range, and with good equipment and careful procedure an accuracy of the order 
of 1 part in 104 may be achieved. - 

QUARTZ RESONATORS. Specific frequencies may be indicated with great accuracy 
by means of quartz resonators coupled loosely across the tuning elements of a resonant 
wavemeter. Owing to the relatively very much higher Q of the crystal, which is often in 


| Coupling 


i 


r------- 


Fic. 15. Radio Wave Meter. Resonance type with high 
impedance resonance indicator. 
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excess of 100,000, its response characteristic is confined to a correspondingly narrow and 
well-defined range of frequency. This response characteristic is superposed on the broader 
characteristic of the tuned circuit. Used in this way such resonators are valuable chiefly 
in fixing calibration points on the wavemeter. A variable input can be adjusted until 
the crystal response is indicated; then, with the same input frequency, the wavemeter 
condenser can be adjusted for maximum response to fix the calibration at the frequency 
of the crystal. 

Quartz crystals may be used in a great variety of ways as single-frequency indicators. 
One interesting adaption, due to Giebe and Scheibe, consists of a series of resonators 
mounted in a gas at low pressure which may be coupled electrostatically to a circuit to 
be tested. If a frequency is applied which corresponds to that of one of the resonators, 
the large potential gradients in the neighborhood of that resonator due to its resonance 
will cause a luminous discharge which serves as indicator. This method is somewhat 
analogous to the reed indicator but is applicable to frequencies up to a million cycles per 
second or more and of course is inherently much more accurate. 

CAVITY RESONATORS. The most convenient and generally satisfactory means for 

measuring frequencies in the region from 200 to 30,000 megacycles has been cavity 
' resonators, which have been developed in a variety of forms for different frequency ranges 
and for different methods of use. A cavity is primarily an almost completely enclosed 
space in a rigid piece of metal, with openings only for coupling electromagnetic energy 
from wave guides or coaxial conductors, and usually also for the operation of a plunger 
for frequency adjustment. 

The cavity itself in its lowest-frequency modes may be considered a familiar tuned 
circuit in which the capacitance is formed by opposite sides, sometimes the two flat ends 
of a cylinder, and connected by a continuous array of single-turn coils forming the cylinder 
wall. It is evident that for a moderate-sized cavity the effective capacitance and induct- 
ance are both very small and hence the frequency is very high. Since there are no radiation 
losses, and since the interior losses may be kept small, the Q factor may be very high. For 
silver-plated fixed cavities the Q may exceed 20,000; for adjustable cavities it is somewhat 
less. 

Cavities are resonant elements and as such may be used as selective transmission devices 
indicating a maximum of transmitted energy into a detector, or as selective absorption 
devices indicating a minimum in a high-impedance source. In either case the actual 
detection is most easily accomplished by a crystal detector which may actuate a d-c meter, 
or, if the source is modulated, a set of head phones may be used, with amplification if 
necessary. The setting accuracy may be as high as 1 part in 10°. 

The design, construction, and use of cavity resonators are discussed at length in Section 
7 and in references. 

TRANSMISSION LINES. Very high frequencies can be measured with fair accuracy 
by a study of standing waves in transmission lines, the three usual types being Lecher wires, 
coaxial conductors, and wave guides. The simplest method involves a movable short- 
circuiting conductor which can be moved along the line by external control, and the ob- 
servation of successive minima due to reaction on the source of high-frequency energy fed 
into the line. The actual distance between successive positions of the short-circuiting 
conductor which causes such minima determines a half wavelength for the particular line 
used. In the case of Lecher wires (parallel wires a few centimeters apart) and coaxial 
lines, the frequency is given approximately by 


8X 10% 
hea 21 


where / equals the distance between resonance positions. A calibrated instrument based 
on this method may be accurate to about 0.1 per cent. 

Although Lecher wires are convenient for purposes of demonstration, a low-resistance 
lamp on the short-circuiting rider being a suitable indicator of resonance, the attainable 
accuracy is limited by large radiation losses, especially at high frequencies. Wave guides 
are inconvenient for this purpose on account of the wide variety of modes that may give 
false indications unless special precautions are taken to suppress them. High-frequency 
transmission lines are discussed in Section 10, and some of the accompanying references 
deal with their use as frequency-measuring devices. 

THE ECHELETTE GRATING. A method, closely analogous to the familiar optical 
grating, has been developed for establishing the frequency of the shortest electromagnetic 
radiations producable experimentally. The method consists in directing the radiation in 
question toward an array of stepped metal reflectors, like the slats in a venetian blind, and 
in observing the angle of reflection for which the greatest intensity of reflected energy is 
obtained. From the spacing of the reflectors, and the measured angles for maximum 
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energy, the wavelength may be computed with considerable accuracy as with the optical 
grating. This method of measurement, in fact, was an important step in establishing the 
continuity of the electromagnetic spectrum between light produced by thermal excitation 
and electric waves produced by purely electrical means. 


5. ELECTROMAGNETIC PHENOMENA 


Table 3 shows in a graphical manner the relation between the frequencies of various 
observed electromagnetic phenomena. Where any considerable uncertainty exists as to 
the extent of a range due to ambiguity of definition or due to disagreement among sources, 
the uncertainty is indicated by dotted extensions. 


Table 3. Frequency Spectrum of Electrical Phei1omena 
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The lower end of the chart, and extending a little beyond 3 X 10", includes the entire 
range over which continuous alternating current can be produced at the present time. 
This is also the entire range over which frequenci’!s can be measured or compared directly. 
Damped waves having frequencies up to 3 X 10’’ have been produced by purely electrical 
methods. In this region, which overlaps the jafrared spectrum, the frequencies can be 
determined by either electrical resonance meth ods or by optical interference methods. 

From 10” upwards the terms on the right refer to electromagnetic waves originating in 
hot or otherwise luminous bodies, in excited atoms, or in atom nuclei. Between 10!” 
and 107° the frequencies are calculated from measured wavelengths; from 102° upward 
they are calculated from measured pheton energies. In certain ranges either of two names 
is applicable, as indicated by the overlapping grouping. 

It is interesting to note that, by exten/ling the frequency spectrum downward, frequen- 
cies of recurring astronomic phenomens are encountered that are about as far removed 
from one cycle as are the highest frequencies noted. Thus the frequency of rotation of 
the earth on its axis is 1.16 X 1075; the frequency of revolution of the earth around the 
sun is 3.17 X 107%. The frequency of rotation of the equinoxes around the ecliptic is 
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1.2 X 107. The frequency of rotation of Andromeda Nebula is estimated (Jeans) to 
be 1.7 X 10~, and it is perhaps reasonable to suppose that frequencies of periodic phe- 
nomena involving interactions between the nebulae may be many orders smaller. Thus 
the frequencies to which the senses respond most readily are, on a logarithmic scale, about 
midway between the extremes of which we are aware. 
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MEASUREMENT OF PRIMARY ELECTRICAL QUANTI- 
TIES (CURRENT, VOLTAGE, RESISTANCE, 
CAPACITANCE, AND INDUCTANCE) 


By J. G. Ferguson 


The primary quantities of interest in the communications field may be divided into two 
classes: first, current and voltage; and second, the so-called circuit constants, resistance, 
capacitance, and inductance. Power is usually obtained from the measurement of voltage 
or current, and resistance. Frequency is covered under Frequency Measurements, pp. 
11-1 to 11-15. 

Values of current and voltage generally do not require very accurate measurement. 
On the other hand, very severe requirements are justified economically in the design and 
measurement of circuits and their component parts if they result in an increase in the 
number of channels which can be made available from a given physical circuit. These 
requirements are specified for the most part in terms of the three circuit constants, re- 
sistance, capacitance, and inductance. 

The frequencies of interest in communication circuits range from a few cycles per second 
to the super high frequencies used in radio transmission, whereas the frequency range of 
major interest from the standpoint of the measurement of primary circuit constants is 
from about 30 cycles to about 100 megacycles. 


6. MEASUREMENT OF CURRENT 


The values of power of interest have a lower limit of about 107° watt determined by 
the necessity of keeping a level above resistance noise, and an upper limit of about 1 watt 
in wire transmission, determined by the necessity of avoiding excessive cross-talk to other 
circuits. The upper limit, of course, is considerably higher in certain applications such 
as radio transmitters. The currents corresponding to these power limits for the impedance 
ranges encountered range from about 0.1 amp down to fractions of a microampere. The 
three features most desired in an instrument to measure such currents are: an impedance 
practically non-reactive and independent of frequency and current level, a method of 
operation which furnishes effective values, and high ratio of response to input power. 

TYPES OF INSTRUMENT. The dynamometer type and the magnetic-vane type 
measure effective values of current but require high input power. They are seldom used 
except at power frequencies. Practically all a-c measurements of current use as an in- 
dicator a d-c instrument of the moving coil-permanent magnet type. The problem then 
reduces to a means of transforming the alternating current to direct current. 

THE THERMOCOUPLE TYPE. This has an impedance which is practically a pure 
resistance at all frequencies, and it measures effective values of current. It is the most 
accurate method for the measurement of small currents because it can be calibrated with 
reversed direct current. Its principal disadvantages are that, irrespective of the current 
measured, the output power is low, about 1 microwatt, and it will not stand heavy over- 
loads. Enclosing the couple in a vacuum improves its speed and sensitivity and reduces 
temperature errors. The usual type has a heater in direct contact with the junction. 
This gives a maximum sensitivity and speed and is satisfactory for all but the highest 
frequencies. At very high frequencies the direct contact between the a-c and d-c circuits 
introduces objectionable couplings between the instrument and other parts of the circuit. 
A type having the couple insulated from the heater is to be preferred above about a million 
cycles in spite of a somewhat slower speed and slightly lower efficiency. 

Typical vacuum couples of either the insulated or contact type have a couple resistance 
of about 10 ohms and are designed to work into a microammeter having a resistance of 
about the same value and a full-scale deflection of 200 to 300 wa. Table 1 gives essential 
information for instruments of this type having various ranges. Their accuracy is usually 


Table 1. Typical Ranges and Resistances of Thermocouple Instruments 


Range, Input Range, Input Range, Input 
milli- Resistance, milli- Resistance, milli- Resistance, 
amperes ohms amperes ohms amperes ohms 


250 0.5 100 
100 2.0 2 600 
50 4.0 1000 
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about 1 per cent of full-scale reading when used with the couple with which they have been 
calibrated. 

Multirange milliammeters are made with self-contained shunts. The accuracy of such 
instruments at high frequencies is usually limited by the shunts. 

Contact Rectifier Type. Contact rectifiers used in conjunction with d-c meters are the 
most rugged and efficient of the various low current instruments. The most common type 
uses the copper vs. copper-oxide disk. These instruments have the disadvantage, common 
to all rectifiers, that they introduce modulation due to instantaneous variation of the input 
resistance with current. This may be reduced considerably by the common arrangement 
of four units in bridge form, or an equivalent arrangement with two units and a center 
tapped transformer. They usually measure more nearly average than effective values, 
thus giving a wave-shape error. Their principal disadvantages lie in the variation of the 
rectification properties with time and temperature and the fact that the input impedance 
varies with current and has a large capacitive component which acts as a shunt across the 
rectifier and renders their use above about 10,000 cycles of little value, unless some com- 
pensation is provided. With proper compensation their frequency range may be extended 
considerably. For higher frequencies silicon or germanium crystal rectifiers may be used. 

Since different ranges can be obtained by changing either the size of the disks or the 
sensitivity of the d-c meter, a very wide current range is available. It is possible to obtain 
meters with a full scale as low as 100 wa, but their resistance is high, about 3000 ohms. 
This makes them suitable for voltmeters, which can be obtained with ranges as low as 
0.5 volt with a resistance of 3000 ohms per volt. 

The accuracy of this type of instrument is usually limited to about 5 per cent of full 
scale, and errors in excess of this may occur with extremes of temperature and wave shape. 

Two-element vacuum-tube rectifiers have characteristics somewhat similar to contact 
rectifiers. They are satisfactory up to much higher frequencies but have the disadvantage 
of requiring auxiliary power. They are discussed further under voltmeters. 

MEASUREMENT OF HIGH CURRENT VALUES. These measurements may be 
made by means of low-range meters in conjunction with current transformers or shunts. 
Shunts are preferred for high frequencies. They should be designed to have impedance 
characteristics similar to those of the meter, particularly when used at high frequencies, 
so that the current will divide in the same proportion at all frequencies. 

MEASUREMENT OF LOW CURRENT VALUES. Measurement of current values 
below the range of even the most sensitive instruments can be made after amplification by 
comparison with a known current obtained by attenuating a measured current a definite 
amount. 


7. MEASUREMENT OF VOLTAGE 


With the high impedances almost inevitable in an instrument for measuring low current 
values, there is no marked distinction between the measurement of current and voltage; 
thus all the methods discussed for current measurement will also measure voltage. How- 
ever, care must be taken to avoid errors due to impedance change caused by series reactance 
in the leads at high frequencies. Static voltmeters are also common. They measure 
effective values, but their low sensitivity and high input capacitance limit their use to 
comparatively high voltages and low frequencies. In addition the following are available. 

VACUUM-TUBE RECTIFIERS. This type provides the most satisfactory means of 
voltage measurement. Most vacuum-tube voltmeters employ diode rectifiers with high- 
resistance loads, rather than triodes, since the indication is less dependent on the tube 
characteristics, and because plate-voltage variations, which are a source of error in the 
triode, are eliminated. 

To measure low voltages the rectifier is either preceded by an a-c amplifier or followed 
by a d-c amplifier. The frequency range and sensitivity of the former are limited by the 
problem of obtaining broad-band stabilized amplification. Instruments are available in 
multiple-range models with sensitivities in the order of 1 millivolt, covering the frequency 
range of 20 cycles to 5 megacycles. The input impedance is in the order of 0.5 megohm 
shunted by a few micro-microfarads. Indicated voltages are usually average values. 

The sensitivity of diode voltmeters is limited by the diode characteristic, and the 
frequency is limited principally by lead inductance. To reduce this error, the diode is 
usually encased in a small probe connected to the set by a cable. Instruments are available 
in multiple-scale models with sensitivities of 0.1 volt covering the frequency range of 20 
cycles to 100 megacycles. Input impedance is usually 1 megohm or more at low frequency 
but is limited at high frequency by the capacitance and conductance of the diode, which 
may be as high as 7 uf and 10 micromhos at 10 megacycles. Indicated voltages are usually 
half wave peak values. 


11-18 ELECTRICAL MEASUREMENTS 


The accuracy of vacuum-tube voltmeters is 2 to 5 per cent, depending on wave shape and 
frequency. 

For frequencies above the range of the diode, materials of high temperature coefficient 
of resistance are used in which the voltage is determined by the resistance change due to 
heating. Owing to their small size they may be made independent of frequency up to 
several thousand megacycles. 


8. RESISTANCE STANDARDS 


For the accurate measurement of circuit constants, precision standards are required. 
They form the most important part of the measuring circuits and therefore require full 
consideration. They consist of resistance, capacitance, and inductance. The following 
discussion is limited to their use as standards. Further general information can be found 
in Section 3. 

Resistance standards are usually wire wound, but high resistances are also made by 
coating a thin film, usually of carbon, on an insulating form. These films have a high tem- 
perature coefficient of resistance, about —0.03 per cent per degree centigrade for carbon, 
and cannot be adjusted to very close limits. They are fairly stable with time if hermetically 
sealed, and the change with frequency is small for values below 10,000 ohms. They are 
cheaper than wire wound, especially for high resistance values. 

The types of wire used most generally for resistance standards are the copper-nickel 
alloy Constantan and the copper-nickel-manganese alloy Manganin. Both materials have 
very low temperature coefficients, the variation in resistance over the temperature range 
of ordinary use being well below 0.005 per cent. Constantan is more easily soldered, and 
its resistance is more stable with time. Manganin is preferred for d-c standards on account 
of its lower thermoelectric power to copper, but this is a minor consideration for a-c use. 
Both alloys have a specific resistance of about 30 times that of copper. Other alloys con- 
taining chromium or iron have higher specific resistances but are not generally used on 
account of their higher permeabilities and larger temperature coefficients. 

EFFECT OF HUMIDITY. Humidity affects the distributed capacitance of resistance 
windings unless they are sealed or impregnated. The impregnating material is usually a 
thin solution of shellac or a wax, such as paraffin. Impregnation also serves to prevent 
change in shape of the support or spool, but it is desirable to use as a support a material 
impervious to moisture, such as a suitable plastic, ceramic, or glass. The woven type of 
wire standard is the most independent of changes in the form. 

PHASE ANGLE. The phase angle should be small. It is due to inductance, distributed 
capacitance, and capacitance between the terminals which is not due to the presence of the 
winding. Inductance can be reduced by reducing the size of wire and by winding the coil 
so that adjacent turns have opposite directions of winding and are spaced as close together 
as possible. Minimum spacing is determined by the thickness of insulation. Therefore, 
for a given type of wire and insulation there is a definite minimum obtainable ratio of 
inductance to resistance for any given wire size, this value being reduced as the wire size 
is reduced. Distributed capacitance can be reduced by winding so that turns which are 
adjacent physically are consecutive electrically. By this means the distributed capacitance 
can be reduced below the remaining capacitance between the terminals. Both types of 
capacitance can be decreased by reducing the physical size, that is, by reducing the wire 
size. Capacitance and inductance, when both are present in a resistance, have a com- 
pensating effect. For the small reactances present in resistance standards, the compensa- 
tion will be almost perfect at all frequencies if the relation L = Cr* holds. 

The reactance of carbon film type standards may be considered due entirely to capaci- 
tance between terminals. This may be held to about 1 uwuf. 

VARIATION WITH FREQUENCY. Resistance change with frequency is due prin- 
cipally to the presence of skin effect and of residual reactances. Skin effect may be reduced 
by using a small size of wire and reducing the inductance of the winding by suitable choice 
of winding type. For non-inductive windings, the increment due to skin effect may be 
taken as less than 0.1 per cent for No. 28 B.&S. gage wire at 1 megacycle, and less than 1 
per cent for No. 30 wire at 10 megacycles. Where power considerations do not enter, 
sizes smaller than these are generally used in order to reduce the phase angle as already 
discussed, and skin effect is therefore usually negligible. 

Reactance is a more serious cause of resistance variation with frequency. If a resistance 
has inductance in series with it, the effective resistance component of the combination 
considered as a parallel circuit will be increased to the value r + (w*L?/r). If the resistance 
has capacitance in parallel with it, the effective resistance of the combination considered 
as a series circuit will be decreased to the value r — w*C?r?, When both inductance and 
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capacitance are present, the value of resistance is a function of both, and, if the 
inductance and capacitance are in such proportions as to give it a zero phase angle, its 
value will be increased to r + (w?L?/r). For high resistances at high frequencies, the 
dielectric loss of the associated capacitance affects the resistance value. 

TYPES OF WINDINGS. The following windings are suitable for resistance standards 
having values above about 50 ohms, for which cases the reduction of both inductance and 
capacitance is important: 

The Curtis winding made by winding one turn around a spool, then passing the wire 
through an axial slot and winding the next turn in the opposite direction. A flat slotted 
form or card is an improvement over a round spool. 

The inductive winding on a thin flat card. 

The woven type in which the warp consists of silk or cotton threads and the weft is the 
resistance wire. 

The Ayrton-Perry type consisting of two parallel opposed windings either in a single 
layer, in which case they must cross at every turn, or one layer wound over the other. The 
single layer has a little more capacitance and a little less inductance than the two layers. 

For resistance below 50 ohms where capacitance has less effect, windings having greater 

- distributed capacitance such as the bifilar, and the reversed layer type may be used. 

A well-made unit using No. 36 B.&S. gage wire may be wound to have a ratio of react- 
ance to resistance, due to inductance, of about 0.1 at 1 megacycle, and, using No. 44 wire, 
to have a ratio of about 0.2 at 10 megacycles. If the capacitance is such as to give zero 
phase angle, which it may for windings of about 1000 ohms, the corresponding resistance 
increment will be about 1 and 4 per cent respectively. If the capacitance value is not such 
as to give zero phase angle, the effective shunt resistance will be different from the effective 
series resistance. 

Table 2 gives representative values of inductance and capacitance for standards of 
several values wound with various sizes of wire. 


Table 2. Representative Resistance Windings 
Inductance and capacitance for various values and wire sizes 


: Residuals Net Residual 
Resistance, T f Windi ae ierees F 
eins ‘ype of Winding ire Si C, ; CUS Lye 
B.&S. Gage L, wh agit L’, uh ene 
0.1 | Bifilar, tape 0.004 in. X 0.125in.| 0.01 }...... 0 .. Ot Pie aciep. charset 
1 Bifilar, tape 0.004 in. X 0.063 in. Of04" Fee. a OROAT SR ed act as 
10 Bifilar 33 DSC 0.16 | 10 Oe 16s Pak Sean gee, 
100 Bifilar 36 DSC 0.8 80. 0 0 
100 Curtis (card) 40 DSC 0.4 (5) 0.4 — 40 
100 Ayrton-Perry (2 layers) 40 BE 0.35 1 0.34 — 34 
100 Woven 40 BE 0.30 1 0.29 —29 
1,000 Reversed layer 39 DSC 4.2 24 —20 20 
1,000 Ayrton-Perry (2 layers) 44 BE 255 1 IES —1.5 
1,000 Woven 44 DSC 2.0 0.5 1b —1.5 
1,000 Curtis (card) 40 DSC 4.0 (os) PBS) —2.5 
10,000 Reversed layer 42 DSC 30 20 F | eecewteunces 20 
10,000 Ayrton-Perry (1 layer) 44 DSC 25 Di) | ae OR cuss crete 1.8 
10,000 Woven 44 DSC 20 OS! Prarie es 083 


! VARIABLE STANDARDS. Variable standards are used in precision measurements 
principally for covering the range between the smallest steps of the adjustable standards, 
They are usually wire wound and of low range. The simple series type has the objection 
that the contact resistance is usually an appreciable part of the total resistance of the 
standard. Preferred methods are to use the slide wire in a circuit as a potentiometer, in 
which case the contact resistance is not in the measuring circuit, or to use a shunted type 
of slide wire, in which case the resistance of the slide wire itself is higher than the range 
of the combination, thus reducing the effect of the contact resistance. Inductance con. 
stitutes the principal frequency limitation. The shunted type has lower inductance than 
the potentiometer type but does not have a linear scale unless used as a potentiometer. 
Compensation for inductance in single-turn slide wires may be made by substituting an 
equivalent length of copper wire for the resistance wire removed from the circuit. Com- 
pensation in the wound type is not generally made but can be effected in special cases by 
winding the slide wire non-inductively. : 

High-resistance variable standards are sometimes used in shunt connection as low-range 
conductance standards. These are commonly a composition type, particularly when used 
at high frequencies. They are not very stable standards. 
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ADJUSTABLE STANDARDS. Adjustable standards consist of a number of switch 
assemblies, usually 1 to 6, each containing resistance units arranged to give values in steps 
from 1 to 10. The switch and wiring add both inductance and capacitance. These may 

be reduced by reducing the switch size 
Resistor and the amount of dielectric material in 
& it. These requirements are met very 
well by the wafer-type switch. The 
small size introduces some difficulties in 
obtaining satisfactory low and stable 
contact resistance, but the introduction 
of silver contacts reduces this difficulty. 
Their principal objection is their short 
life. They have considerable flexibility 
due to the availability of multiple decks. 
The usual arrangement is to connect 10 
equal resistances in series and to short- 
circuit those not in use by means of the 
brush. The ground or low-potential side 
of the circuit should be connected to the 
brush to minimize the effect of capaci- 
tance. The inductance may be compen- 
sated for by using an additional 10 studs 
Inductor Bitches as shown in Fig. 1, to insert inductance 
Fic. 1. Decade Resistance Standard, Compensated equal to the inductance of the resistance 
Hare lm hreionnes and wiring which is removed, thus keep- 
ing the total circuit inductance constant 
for all switch settings at the cost of a slight increase of the zero inductance. This arrange- 
ment uses 2 decks of a wafer switch. 

A method which reduces both capacitance and inductance to a minimum, and is there- 
fore suitable for both high and low resist- 
ances, is shown in Fig. 2. A 20-stud switch is 100 ohm decade 
so arranged that the drum supporting the 
units and studs rotates, the brushes remain- 
ing stationary. Each unit in a decade has a 
resistance equal to the total value required for 
that particular setting. There is no switch 
wiring and there are no coils connected when 
not in use. The short-circuit connection for 
the zero setting may consist of a copper strap 
equal in inductance to the mean value of the 
units. The same arrangement with station- 
ary studs and moving brushes is almost as 
satisfactory and allows the use of a 2-deck 
wafer switch. The principal disadvantage is 
the necessity for 10 different values for the 
resistance units. 

For high resistances there are advantages brushes 
in arranging decades to read conductance. Fy¢.2. Rotor Type Decade Resistance Standard 
This means connecting them in parallel. 

Four units of value 1, 2, 3, 4 can be connected in various parallel combinations. The 
switching arrangement is the same as that for switching capacitors, shown in Fig. 5A. 


Rotating 


SAStationary 


9. CAPACITANCE STANDARDS 


The principal requirements for a capacitance standard are a capacitance independent 
‘of time, humidity, temperature, voltage and frequency; a low power factor; and small 
size. The degree to which these requirements can be met depends principally on the choice 
of dielectric. All capacitors using solid or liquid dielectrics have losses when subjected to 
alternating voltages. The equivalent circuit of such a capacitor may be indicated as shown 
in Fig. 3 as a perfect capacitance C either with a resistance 7s in series with it, or with a con- 
ductance g in parallel with it. For these networks to be equivalent the two capacitances 
are not identical, but for the low power factors of standards, the difference is negligible. 

Practically the only dielectrics used for capacitance standards are mica or air. Many 
other solid dielectrics are used for capacitors. None of them combines all the advantages 
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of mica, although polystyrene is equal or superior to mica in practically all respects except 
temperature coefficient of capacitance. 

Mica capacitors may be made of interleaved sheets of mica and foil such as copper, tin, 
or aluminum, or by depositing a film of metal, usually silver, directly on the mica. The 
last has the advantage of eliminating any air film between the dielectric and the metal, 
making the capacitance less dependent on the 
mechanical stability of the assembly. Cc 

Air capacitors require solid dielectric in their c 
construction. Their performance depends consid- 
erably on their design as well as on the dielectric. + bwwn— 

STABILITY WITH TIME AND HUMIDITY. 

All capacitors change slightly with age, owing to I=— 
structural changes after assembly; good mica (A) (B) 
capacitors usually increase less than 0.05 per cent Prats Waltommats. Eativilente fon.en toe 
with age. Humidity has a serious effect unless perfect Capacitor. A, parallel equivalent; 
the capacitors are protected. They are usually B, series equivalent. 

dried and hermetically sealed, either in molded 

plastic or in a can. In addition they may be vacuum-impregnated, usually with paraffin 
or Superla wax. Well-made air capacitors are less subject to these changes. 

VARIATION WITH TEMPERATURE. The change in capacitance with temperature 
of mica capacitors is due partly to the dielectric material but is also affected considerably 
by the mechanical design. Unimpregnated capacitors usually have a positive linear 
change, which is due primarily to changes in the physical dimensions. In impregnated 
capacitors, additional changes occur owing to the effect of the wax, which has a negative 
temperature coefficient that increases with temperature. As a result, the temperature 
coefficient of the capacitor depends on the amount of wax and may be made extremely 
small over a limited temperature range. Standards can be obtained which vary less than 
0.05 per cent from 10 deg cent to 35 deg cent. The shunt conductance of all mica capacitors: 
increases with temperature. The amount varies considerably, but an average value may 
be taken as 2 per cent per deg cent. For air capacitors capacitance change is due partly 
to the insulating supports but principally to change in the plate area and spacing caused 
by changes in the dimensions of the parts. It may be reduced by the choice of materials 
of low temperature coefficient of expansion and by avoiding distortion due to unequal 
expansion of the parts. 

VARIATION WITH FREQUENCY. Variations in capacitance with frequency of mica 
standards are caused by variations in the dielectric constant, and at high frequencies by 
the effect of inductance in the leads. The former causes a slight decrease in capacitance 
with increasing frequency, the change being approximately logarithmic with respect to 
frequency. The latter causes an increase in capacitance equal to w°LC”. Lead inductance 
in a good standard may be held below 0.05 wh. Air capacitors change less, because of 
the smaller amount of dielectric material and because their comparatively low capacitance: 
is affected by lead inductance only at higher frequencies. 

An imperfect capacitor may be represented as shown in Fig. 3A or Fig. 3B. Metallic 
losses constitute a series resistance which is independent of frequency, except for skin 
effect. Leakage constitutes a shunt conductance independent of frequency. Dielectric 
loss is of such a nature that the loss per cycle is proportional to capacitance and approxi- 
mately independent of frequency. In other words, this loss is proportional to wC. If 

represented by Fig. 3A, g will be 


Table 3. Loss Variation with Frequency and directly proportional to frequency, 
Capacitance and if represented by Fig. 3B, rs 
7 will be inversely proportional to 

Source of Loss r Q iP EB. g frequency. 
; ; ; In general, four different quan- 
Series resistance rs..... Te Zi rsaC | rew?C? | tities are in common use for indi- 
oe) cating the quality of a capacitor 
Dielectric, Dv.) .scee +s D Lis D Dwc | from the standpoint of loss. These 
oC D are series resistance r, shunt con- 
Deeleakace goss scsce ED) oC 80 op ductance g, power factor which 
w*C? a wC when small is equal to the dissipa- 


tion factor wCr or g/wC, and the 
reciprocal, which is commonly termed Q. Table 3 indicates how these quantities vary 


with frequency and capacitance. 
In this table D is a fundamental property of the dielectric and is approximately inde- 
pendent of the frequency. For good mica it is as low as 0.0001 and decreases slightly with 


increasing frequency. 


11-22 ELECTRICAL MEASUREMENTS 


Low power factor or high Q in a standard is obtained by choice of mica of low dielectric 
loss, by keeping lead resistance low, and by eliminating moisture and impurities in assem- 
bly. Figure 4 shows curves of power factor and Q in terms of frequency for representative 
standards. The increase in Q with frequency is a characteristic of the dielectric. The 
decrease at high frequencies is due 
to effective series resistance. The 
larger the value of capacitance, the 
lower is the frequency at which the 
maximum occurs. Small capaci- 
tance values usually have greater 
dielectric loss because of the greater 
influence of the sealing material. 
They also have greater effective 
series resistance, owing, in part at 
least, to the smaller number of 
sheets in parallel. 4 

The Q of air standards is usually 
higher than that of mica on ac- 


Qx 10% 


Power factor x 10° 


i 7 erkgaese) in Giocreie RO. 1009 count of the reduced dielectric ma- 

rae ; : : terial and the reduced effect of 

SF Som Ba mesa Hareb bael aeeh of Typical Mica or ies resistance due to the smaller 
capacitance. 


VARIABLE STANDARDS. Variable standards are practically always air capacitors. 
They may be considered as two capacitances in parallel, one consisting of the minimum 
capacitance which includes the dielectric material, and the other consisting of the variable 
part. The former may be considered as a fixed capacitance shunted by a conductance 
representing the dielectric loss, which is not a function of setting. The latter may be 
considered as a loss-free variable capacitance in parallel with the former. They may be 
used, therefore, in measuring circuits, to obtain loss-free changes in capacitance. On the 
other hand, considering the standard as a whole, the power factor increases with decrease 
in setting and may be greater than that of a mica capacitor at minimum setting unless a 
very low loss dielectric is used. 

ADJUSTABLE STANDARDS. These are usually in decade form, but, owing to the 
cost of good standards, only 4 units are gener- 

-ally used, the switch connecting them in the 4 

parallel combinations necessary to obtain steps 
from 1 to 10. Practically all such switches re- 
duce to the principle of a brush for each unit 
contacting successively 10 studs which are 
ywired so as to connect the unit in circuit at the O “15 QESY 4s Er Mer M16 
positions required to give the desired combina- 4 
tions. This may be most readily done with A. Parallel connection 
minimum wiring by using cams. The method 
is indicated by the developed cam arrangement 
shown in Fig. 5A. By using 2 brushes on dif- 
ferent diameters a single cam may be cut to 
connect 2 units. Wafer switches can be used 
requiring only 2 cams and 5 brushes mounted 
on a single deck to perform the whole switching oO) mak ; So ISTE Bg NG 

sequence. A similar switch may be mounted on B. Series connection 

the same shaft with cams cut inversely as Fie. 5. Cam Type of Decade Switch for 
chown in Fig. 5B but parallel-eonnected to in- Sees or Qarallel Connection of 4 Standards. 
sert capacitances in place of those removed 


to compensate for the capacitance of the switch or for that of the units in excess of 
nominal values. 


10. INDUCTANCE STANDARDS 


The requirements for inductance standards are similar to those for capacitance stand- 
ards, namely, high stability of inductance under all operating conditions, low power factor 
or high Q, and small size. Coils cannot be built to meet these requirements as well as 
capacitors, and for this reason they are not used to the same extent as standards. For 
precise standards no magnetic material is sufficiently stable, and air-core coils are almost 
always used.. They are wound either as toroids or as solenoids. The toroids have less 
external field but are larger for the same performance. External field is objectionable 
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since it not only causes errors in measurement due to coupling to the rest of the circuit 
but the inductance of the standard itself is affected also. Shielding is generally used con- 
sisting of magnetic material at low frequencies and low-resistance material such as copper 
at high frequencies. 

STABILITY WITH TIME AND HUMIDITY. Coils may be constructed to have 
negligible change in inductance and resistance with time. They are usually sealed and 
in addition may be impregnated to eliminate humidity effects. 

VARIATION WITH TEMPERATURE. Change in inductance is determined prin- 
cipally by mechanical changes in the form and in the impregnating material when present. 
By choice of materials of low expansion these changes can be held to as low as 0.001 per 
cent per deg cent. A single-layer solenoid wound under tension on a ceramic form may 
be made with a temperature coefficient of less than 2 parts per million per deg cent. 
Change of resistance is due principally to change in the resistivity of the copper winding 
and to change in eddy-current loss which in turn is due to the change in resistivity. These 
changes are of opposite sign. The net change is a function of frequency but is usually 
positive. 

VARIATION WITH FREQUENCY. Variations of inductance and effective resistance 
‘with frequency are due principally to eddy currents and distributed capacitance. The 
former results in an increment of resistance which is proportional to the square of the 
frequency. It can be reduced by using stranded wire and single-layer windings. The 
effect on the inductance is usually negligible compared with other effects. Distributed 
capacitance has the effect of increasing both inductance and effective resistance. It is a 
minimum for single-layer coils. Where this type is impractical, banked or sectionalized 
windings may be used. Capacitance to ground can be reduced appreciably only by reduc- 
ing the size of the coil, which is at the cost of Q. For frequencies well below the resonant 
frequency of the coil, the increment in inductance due to capacitance C is w’L?C, and the 
increment in the effective resistance is 2w*LCr. The dielectric conductance g associated 
with the distributed capacitance may also be appreciable. It increases the resistance of 
the coil by gw’L?. If the coil has no appreciable resistance or inductance variation with 
frequency, then the ratio of reactance to resistance or Q is proportional to the frequency. 
On the other hand the loss due only to capacitance and eddy currents results in a Q in- 
versely proportional to the frequency. For the actual case, the Q usually increases to‘a 
maximum and then decreases. For low frequencies a high Q can be obtained only by means 
of alarge size. Thisis the principal disadvantage of air-core standards. It is most evident 
when they must be used for measuring magnetic-core coils. As the frequency increases 
the comparison becomes more favorable to the air-core coils on account of the increase in 
core loss and decrease in effective permeability of magnetic core coils. Above 100 ke this 
disadvantage is negligible, and air-core coils can be built of small size to have values of Q 
as high as 100 to 200. 

INDUCTOMETERS. All inductometers have an appreciable stray magnetic field 
which may cause error due to magnetic coupling to other parts of the circuit. They have 
characteristics similar to fixed standards but usually have relatively greater capacitance 
and greater resistance increment. The inductance and resistance increments are a func- 
tion of the setting as well as of frequency. 

One type consists of two coils arranged so that the position of the field of one may be 
varied so as to change their mutual inductance. They may be used as variable mutual 
inductors or, by connecting the two windings in series, as variable self-inductors. Another 
type consists of a single-layer rotating solenoid with spaced bare wire turns and a fixed 
brush riding on the turns. The former type has the advantage of no sliding contacts, but 
the latter has better performance in other respects. 

ADJUSTABLE STANDARDS. Coils may be assembled to form adjustable standards 
similar to resistance and capacitance standards. Because of their large size, poorer char- 
acteristics, and difficulty in compensating for capacitances of switch and wiring with series 
connection, they are not used extensively. A typical method of connecting 4 units to 
form a decade is shown in Fig. 5B. Additional decks with cams cut inversely may be 
used to insert compensating resistances in place of inductances removed. 


11. MEASUREMENT OF RESISTANCE 


The method used almost exclusively for measuring circuit constants is the bridge method 
in which the unknown quantity is compared with a standard of known value. For the 
higher frequencies, say, above 10 megacycles, the errors caused by the presence of even 
very small stray inductance or capacitance limit the range and flexibility of the bridge 
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method, and consequently at these frequencies other methods which involve less apparatus 
and simpler circuits are also used. 

Resistance standards can be made so that their effective resistance does not differ from 
the d-c value appreciably compared with the errors of measurement up to the maximum 
frequencies used- Accordingly, the measurement of resistance is usually made by direct 
comparison with,a standard on a bridge. The simplest type is the equal ratio-arm bridge. 

A modified equal ratio-arm bridge useful for the a-c mea- 

2 surement of both resistance and phase angle is shown in 

Fig. 6. It is adaptable only to the measurement of re- 
sistors having small phase angles, but, with a given air 
capacitor C; of small range across one ratio arm, it will 
measure the reactance of resistors of any value over @ 
To " wide frequency range. The equations of balance for 

this bridge for resistors of small phase angle are 


Core 
Ts 


Cy 


Lz = —Cirors 


A c Cz 


and 
7 — ii. 
tr rm where r; is the resistance of the standard. 
rz, Cz, and Lz are the values for the unknown. 

Both positive and negative reactance can be measured 
by either transposing the standard and unknown in the 
bridge or by transferring the capacitance C, from BC 
Pietinds als ested Lee ae to AB. If the standard has appreciable reactance, cor- 

G. 0. Sridge Circuit lor Measure- rection for it is necessary. For maximum accuracy the 
ment of Resistance and Phase Angle 1, ‘4g should be shielded. A method of shielding simi- 

lar to that shown in Fig. 8 is satisfactory. 

At very high frequencies a direct substitution in a resonant circuit as described under 
“Measurement of Inductance’ may be used, or a voltmeter-ammeter method, with a 
vacuum tube voltmeter and a thermocouple. 

Calibration of standards for phase angle may be made by substitution of one resistance 
by another having the same physical configuration but a different resistance value, thus 
obtaining a change in resistance without changing the associated inductarce or capaci- 
tance. For low resistances this may be done by making identical standards of copper and 
of various resistance alloys. For high resistances, carbon of different thickness may be 
deposited on identical forms. 

The measurement of effective resistance associated with inductance and capacitance is 
considered under those headings. 


D 


12. MEASUREMENT OF CAPACITANCE AND CONDUCTANCE 


TYPES OF CAPACITANCE. In practice, a capacitor does not usually consist of a 
single capacitance between two terminals. There is, in addition, capacitance to ground or 
to other objects. The capacitor is usually equivalent to Cc 
a three-terminal network of three capacitances even when A B 
reduced to its simplest form. As a result, different values 
of capacitance will be obtained, depending on the condi- 
tions of measurement. Referring to Fig. 7, Ci is the ca- c cS 
pacitance to ground from A, and C2 is the capacitance to - 
ground from B. The direct capacitance between A and B 
is C; the mutual capacitance is C + C)C2/(C, + C2); and 
the grounded capacitance is C + C, or C + C2, depending 
on whether B or A is grounded. Any or all of these ca- 
pacitances may require measurement. = 

In actual use, the capacitor is generally connected either Fic. 7. Simplified Network of Ca- 
from one side of the system to ground, in which event it a ee apenas iu 
is a grounded capacitance which is effective, or directly 
across the system which is balanced to ground, in which event it is the mutual capacitance 
that is effective. Direct capacitance is required, in general, only for special purposes or 
where the capacitor is so connected in service that the three direct capacitances are 
connected across different parts of the circuit and must be known individually. 

BRIDGE METHODS OF MEASUREMENT. Owing to the satisfactory characteristics 
of capacitance standards, the measurement of capacitance is usually made by direct com- 
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parison with them. The simplest and most accurate method is the equal ratio-arm bridge. 
The advantages of this type of bridge over all other types are that the equality of the 
ratio arms may be tested in the bridge itself by means of simple reversal, and residual and 
lead impedances may be more readily balanced because of the symmetrical arrangement. 
The ratio arms are usually resistances. Capacitances have advantages for high voltages, 
and inductances, particularly when closely coupled, for high currents. For precise work, 
especially at the higher frequencies, some method of taking care of undesired capacitances 
between arms and from the arms to ground is necessary, the best method being to shield 
the bridge. This shielding should include at least one transformer. The shield should be 
complete enough to reduce the direct capacitance between windings below 1 puyuf. In 
special cases it should be much better than this. 

Capacitance. Figure 8 shows a shielded equal ratio-arm bridge which is satisfactory 
for the measurement of capacitance by 
direct comparison with a standard. ; 
This bridge will measure mutual, I 
grounded, and direct capacitance. The | 
requirement that must be met in order | 
to measure mutual capacitance is that | 
the bridge corners C and D be balanced H 
to ground. Since there is no capacitance | 

| 
| 
j 
| 
! 
| 


to ground from B, and since A and C 
are at the same potential when the 
bridge is balanced, this requirement is 
met when the total capacitance from A 
and C to ground equals the capacitance 
from D to ground. If at the same time 
these capacitances are proportioned to 
keep the bridge in balance, then the ca- 
pacitances from A and C to ground will 
be equal, each being half the capacitance 
from D to ground. This adjustment 
may be made by means of auxiliary air 
capacitors. Grounded measurements = 


are made by grounding the D corner by ous 8. Completely Shielded Equal Ratio-arm Bridge 
Pritch Ki. If the bridge is limited (to uitable for Se ee eronad or Grounded Measure- 


Power Source 
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grounded measurements, D may be per- 
manently grounded, and the double shielding of the transformer 7; and the ratio arms 
is unnecessary. 

Conductance. The loss in a capacitor may be measured as a series resistance or as a 
shunt conductance. Using the bridge of Fig. 8 a standard resistance may be connected 
either in series or in parallel with the standard capacitor to balance this loss. For wide 
ranges of capacitance and power factor, however, the range of resistance required in either 
case is objectionable. The series method may require excessively small resistances, and 
the shunt method may require excessively high resistances. A modification which permits 
of a practical resistance range is to shunt both arms by a resistance of fairly high value 
and to reduce the resistance across the standard to balance any loss in the capacitor under 
test. Satisfactory values are 10,000 ohms for the fixed resistance across CD and a variable 
resistance range from 0.01 ohm to 10,000 ohms across AD. This allows the measurement 
of conductances from 0.0001 micromho up. If 7 is the reading of rap in ohms for the zero 
balance and 7 is the reading with the capacitor in circuit, then 

2. = coe! mhos 
Tori 

If 7) is approximately 10,000 ohms, and the conductance is below 1 micromho, this 

reduces to 
fore FL 


100 


The bridge then becomes practically direct reading for conductance. This approxima- 
tion holds for conductance values encountered in all good standards at moderate frequen- 
cies. These expressions are actually the difference in the loss between the standard and 
the capacitor under test. If the standard has conductance, it must be added to the 
difference obtained. 

In order to calibrate standards for conductance, it is necessary to have a primary stand- 
ard of zero or known conductance. This is usually obtained by means of an air capacitor 
specially designed to give a direct capacitance having no loss. If an air capacitor is built 


oa micromhos 
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so that each set of plates is mounted by insulating supports on a third metal conductor 
or shield, we then have a system of three capacitors having three direct capacitances such 
as shown in Fig. 7, in which the dielectric loss is wholly in the direct capacitances from 
the plates to the support, the direct capacitance between the plates including no dielectric 
loss. This method, or the use of a variable air capacitor with conductance independent 
of setting, is the common method for obtaining standards of zero conductance. 

Accuracy. The accuracy of a bridge of this type depends on the accuracy with which 
the capacitance standards are known. An overall accuracy of 0.1 to 0.25 per cent for 
capacitance is possible for frequencies up to 1 megacycle. The conductance accuracy 
stated in terms of power factor is in the order of +(1 per cent + 0.0001). 

DIRECT CAPACITANCE. Direct capacitance may also be measured on the bridge of 
Fig. 8 as follows: Ground the point C of the bridge and all conductors of the apparatus 
under test except the two terminals between which the direct capacitance is desired. 
Connect one of these to C and one to D, and obtain a bridge balance. Then transfer the 
terminal connected at C to A, and rebalance the bridge. A little consideration will show 
that the only capacitance transferred in this operation is the direct capacitance required, 
and the difference between the balances is therefore equal to 
twice this capacitance. 

A second method which is satisfactory where all the capaci- 
tances involved are small, such as the interelectrode capaci- 
tances of a vacuum tube, is to connect the capacitance to be 
evaluated across CD, all other terminals including ground 
being connected to B. The capacitance thus placed across 
BC will affect the accuracy of conductance but not of capaci- 
tance measurement, and the direct capacitance may be 
measured directly. 

The modified circuit shown in Fig. 9 has two advantages 
for the measurement of direct capacitance. By using a pair 

On. Ss of closely coupled inductors care arms, that is, parallel 

: ; _ windings on a common core, the effect of the capacitance 
BS eee Cec across BC will be very much reduced. If, in addition, the 
capacitance standard is such that capacitance is transferred 

from CD to AD, keeping the total value C4 + Ce constant, and a fixed capacitance Cp 
is connected in series in the D lead, it may be shown that the bridge unbalance correspond- 
(Ca — Cc) Cp 


Ca+ Coe + Co- 
with C4 + Co + Cp, very small values of direct capacitance, as low as 0.0001 uuf, may be 
measured. 

A third method is by means of the Wagner ground. 

The Wagner Ground. A common modification of the simple equal ratio-arm bridge 
and of other bridges involves the Wagner ground. This is a simple method of eliminating 
the effect of stray admittances, compared with complete shielding of the bridge. Referring 
to Fig. 8, but with power source and detector interchanged, it consists of a potentiometer 
connected across the input corners AC of the bridge, the adjustable contact being grounded 
and adjusted to bring the D corner of the bridge to ground potential. In some bridges, 
complex impedances are required instead of resistances for 


ing to an unbalance C4 — Cg is equal to If Cp is made small compared 


this balance. It has two disadvantages. First, it requires for B gi Le 
any measurement two balances, namely, the adjustment of ie: &e 
the Wagner ground and of the bridge itself, and these bal- Stes 


ances are not independent. This makes the balance pro- 
cedure relatively slow and complicated. Second, the quan- 
tity measured is the direct capacitance. When the mutual or A 
grounded capacitance is desired, it must be computed from 
the measured values of the individual direct capacitances. 
These limitations considerably restrict its usefulness. 

THE SCHERING BRIDGE. At high frequencies, adjust- 
able resistance standards have serious limitations. Above 
about 1 megacycle, the Schering bridge is used to avoid them. , 4 
In this bridge a fixed capacitance and a fixed resistance are ee 10. ers Bridge ua 
in diagonally opposite arms, and the other arms may be Mi smc 
arranged to allow both capacitance and conductance to be 
balanced by variable capacitors. The circuit and balance equations are given in Fig. 10. 
If the bridge is balanced and then the unknown is connected across C; and the bridge 
rebalanced by means of C; and C2, the change in C; equals the capacitance of the unknown 
and the change in (2 is inversely proportional to its conductance. If series components 
are desired the unknown may be connected either in series or in parallel with Cy. Then Cg 


T, 


a 


INDUCTANCE AND EFFECTIVE RESISTANCE 11-27 


balances for capacitance and C; for series resistance but the bridge will not be direct reading 
for both components. 

OTHER METHODS. Bridge methods have the advantage of a null balance. They do 
not have the advantage of both grounded input and grounded output unless transformers 
are used. Other methods are available, particularly at high frequencies, which have both 
these advantages. They consist essentially of two unbalanced transmission networks 
connected in parallel, the required relation between the arms for zero output being that 
their transfer constants be equal in magnitude but 180° out of phase (see Section 6). 
Commercial measuring circuits of this type are available, known as shunted T and twin_T 
circuits. 

The most popular method other than null methods is the simple tuned circuit, the con- 
dition sought being a maximum or minimum of either voltage or current with variation of 
inductance, capacitance, or frequency. A commercial circuit using this method known 
as a Q meter is described in article 13. 

Fractically all these special circuits substitute a capacitance standard for the unknown 
in measuring capacitance, the difference between them lying in the method of measuring 
the loss. Capacitance is seldom measured in terms of other quantities owing to the 
‘superiority of capacitance standards over all others. 


13. MEASUREMENT OF INDUCTANCE AND EFFECTIVE RESISTANCE 


As for capacitance, the simplest type of measurement is direct comparison, and the 
bridge of Fig. 8 is capable of the same accuracy for inductance measurements as for capaci- 
tance measurements, limited only by the standards. However, inductance standards are 
inherently less satisfactory than capacitance or resistance standards, particularly for wide 
inductance and frequency ranges. Accordingly, other less symmetrical bridges are common 
in order to take advantage of standards of capacitance and resistance. Of these the 
bridges most used are the resonance method with the equal ratio-arm bridge, the Owen 
bridge, the Maxwell bridge, and the Schering bridge. 

COMPARISON METHOD. This measurement is made by comparing an inductance 
in the CD arm with an adjustable standard in the AD arm of an equal ratio-arm bridge 
such as shown in Fig. 8. In order to balance the effective resistance component and to 
measure it when required, it is necessary to add a series resistance in either the CD arm 
or the AD arm, depending on the relative resistance values of the unknown impedance 
and of the standard. The usual procedure is to connect a standard resistance by means of a 
switch at D to throw the resistance into either arm as required. The bridge permits bal- 
anced to ground and grounded measurements, as in capacitance measurements. When 
adjustable standard inductances are used, and when the series resistance required is large, 
the shielding of the standards becomes cumbersome and the bridge is commonly used 
grounded. 

The inductance of the unknown is equal to the inductance of the standard at balance. 
The effective resistance is given by rz = rz + rs where rz is the effective resistance of the 
standard inductance and 7; is the setting of the standard resistance, the sign depending on 
the position of the switch. 

The accuracy of such a circuit depends on the frequency and on the accuracy of calibra- 
tion of the inductance standards. An accuracy of about 0.25 per cent for inductance and 
2 per cent for resistance is possible for frequencies as high as a megacycle. 

Wagner Ground. This can be used with the above method to avoid shielding. However, 
the limitations of this method as outlined in article 12 apply equally to inductance measure- 
ments. 

RESONANCE METHOD. Inductance can be compared with capacitance and fre- 
quency either by series or parallel resonance. The series method has the advantage of 
giving directly the series resistance and inductance of the coil which are the values usually 
desired. It is also inherently a low-impedance circuit, and this is often an advantage 
where the voltage available from the power source is limited. The parallel method gives 
the equivalent parallel values, which usually require subsequent transformation. It is 
inherently a high-impedance circuit. 

The principle on which resonance measurements are based is the adjustment of the 
capacitor until the tuned circuit has zero or infinite reactance; that is, it is equivalent to a 
pure resistance. The measurement is usually made on an equal ratio-arm bridge, but any 
bridge that will determine when the impedance of the circuit is a pure resistance and that 
will measure the resistance is suitable. The principal objections to the method are that 
it is not direct reading and the accuracy is dependent on the frequency of the source. 

Series Resonance. For the series measurement by the equal ratio-arm bridge of Fig. 8, 
an adjustable resistance is connected in the AD arm,and the capacitance in series with the 
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unknown in the CD arm. Since the unknown forms only part of the impedance in the CD 
arm, balanced-to-ground measurements are impractical and this measurement is usually 
made with D grounded. The capacitance is connected from C to the unknown in order 
that one terminal of the unknown may be connected to ground. The balance is obtained 
by adjusting the standard resistance and capacitance, and at balance the following relation 
holds: : 


wy 
rz is equal to r; less the equivalent series resistance of Cs. If the conductance of C; is 


used, as it generally is, since when multiple standards are used their conductances add 
directly, then 


Celie Ct OLeeire 


ert Pence poem Lz8s 
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where r,, L; are the values of the unknown. 
gs is the conductance of the standard Cs. 


Tz = Ts 


Parallel Resonance. For this measurement the capacitance and the unknown induct- 
ance are connected in parallel in the CD arm of the bridge. Hither balanced-to-ground 
or grounded measurement may be made. Since the resistance required for the balance 
may be very high, an arrangement similar to that for a capacitance bridge is customary; 
that is, a fixed resistance, usually 10,000 ohms, is connected across CD and the loss is read 
as conductance by means of a variable resistance across the AD arm of the bridge. The 
balance is then obtained in the same way as for series resonance. Then 


1 =i 500 Tal 
SSS a 
aC; ee TOT1 ee 
where g; is the conductance of the condenser C3. 
ro and 7; are the open-circuit and final readings of r;. 
L> is the parallel inductance of the unknown impedance. 
gp is its conductance. #:%! 


Lp 


The series equivalents may be obtained by transformation. 

Accuracy. The accuracy of resonance bridges depends on the accuracy of both the 
capacitance standards and the frequency. Accuracies as high as 0.1 per cent are possible 

power without extreme precautions. They 

Source are probably the most accurate cir- 

licantont cuits for measuring effective resist- 

ance, accuracies of the order of 2 per 

cent being readily obtainable, even 
for high-Q coils. 

THE OWEN BRIDGE. This 
bridge in common with the Max- 
well bridge has the advantage that 
inductance is measured in terms 
of capacitance and resistance. It 
is not frequency sensitive and can 
be made direct reading for both 
LZ and r. A shielded cgircuit for 
the Owen bridge is shown in Fig. 
11. The equations of this circuit at 
balance are 


Detector 


Care 
CG 


where r2 includes the effective resist- 
ance of the unknown. Two methods 
Via! 11.""Siidldéd Owen Bridge Tor Measurement ‘of into) Oberation iare, possible... Both ms 
ductance and Effective Resistance and r; may be adjustable, and then 

the inductance of the unknown is 

proportional to 7; and the total effective resistance in the CD arm is proportional to 1/(C,. 
It is usually more convenient to have C, fixed or adjustable in a few steps and to have 
rz adjustable. Then by taking a short-circuit reading ro for rz it follows that L = Carsn 
and rz = 79 — 72. Since the unknown is not connected directly across the arm CD, bal- 
anced-to-ground measurements are impractical. Since the resistances are capable of 
adjustment to their norainal values with a high degree of precision, the bridge is direct 
reading for both inductance and resistance without the need for calibration. Also, the 
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range of inductance may be made very wide since r; may be designed to have as many as 
six or seven dials. The bridge is not so suitable for the measurement of effective resistance 
on account of residual reactances in the various bridge arms and difficulties in shielding 
always encountered in arms having series impedances. 

The shielding is made only partially complete in the interest of simplicity. The resist- 
ance rcp is used to compensate the shield capacitance across AD, a resistance being 
required because of the 90° phase relation of the ratio arms. With this circuit inductance 
accuracies as high as 0.1 per cent are usual at audio frequencies. It is not as satisfactory 
at higher frequencies as the following bridges. 

THE MAXWELL BRIDGE. In this bridge fixed resistors are used in diagonally oppo- 
site arms. The inductance and effective series resistance of the unknown are then balanced 
by capacitance and conductance respectively in the standard arm. The circuit and balance 
equations are shown in Fig. 12. If ra and rz are not pure 
resistances, the balance equations still hold if their phase 
angles are equal but of opposite sign. If g, is designed to read 
directly in conductance (see article 8) the bridge may be made 
direct reading for both Z and r. This feature makes the 
bridge as attractive as the Owen bridge. In addition, since , 
it has no series connections in the arms, stray admittances 
may be compensated more readily and the bridge is satis- 
factory at higher frequencies. 

THE SCHERING BRIDGE. This is described in 
article 12. It is essentially a capacitance bridge but 
will measure inductance as a negative capacitance and =p 
is particularly adapted to high-frequency measurements HS: 42. gMoxwell sedge for 
of low-Q impedances which may have either positive or ond Effective Heabanon me 
negative reactance. 

METERING. The values of inductance and resistance of magnetic-core coils are usually 
a function of the saturation. It is therefore desirable to know the current through, or the 
voltage across, the coil when measured. In any so-called ratio-arm bridge, where two 
adjacent arms are invariable, the current through the unknown, or the voltage across it, 
will have a definite relation to the total bridge current or voltage, determined only by the 
ratio arms and the choice of input and output corners. Thus in Fig. 8, which uses a 
current connection, the current input divides at balance in proportion to the admittances 
of the ratio arms, and a meter in the input circuit can be calibrated to read directly the 
current through the unknown. In Fig. 11, which shows a voltage connection, the input 
voltage divides at balance in proportion to the impedances of Ca and 7, and a meter across 
the input can be calibrated to read directly the voltage across the unknown. Here the 
calibration will be a function of frequency but is independent of the value of the unknown. 

Bridges of the so-called product-arm type, having the fixed impedances diagonally 
opposite, such as the Maxwell and the Schering bridges, do not have this feature, and the 
metering is usually done by connecting a vacuum-tube voltmeter directly across the un- 
known. 

SUPERIMPOSED MEASUREMENTS. Measurement of inductance is sometimes 
required for magnetic-core coils, with direct current flowing through the winding. Such 
measurements may be made on an equal ratio-arm bridge such as that of Fig. 8, applying 
the direct current across the BD corners and separating the direct current from the alter- 
nating current where necessary by stopping condensers and a choke coil. A more con- 
venient’ bridge is the Owen bridge of Fig. 11. If direct current is applied across BD and 
alternating current across AC, the only additional apparatus required is a stopping con- 
denser in the detector circuit. The Maxwell bridge is also well adapted to making these 
measurements. ) 

OTHER METHODS. At very high frequencies where extreme circuit simplicity is 
desirable, the simple tuned circuit is commonly used. The method of measurement is as 
follows. 

If a voltage is applied to an inductance in series with a capacitance as shown in Fig. 13 
and either L, C, or w is varied to give maximum voltage across C, then 


B 


Lez=Cs%at, 
T2r=GIsTaTs 
T, 


and 
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where FE; is the voltage across the tuned circuit. 
E; is the voltage across Top oie 
r is total resistance of the circuit. ~ 
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Thus, if the values of Z;, Hx, and w are measured, the inductance and resistance of a 
coil can be determined if the capacitance and resistance of the capacitor are known, and 
vice versa. A refinement of this circuit consists of adjusting the input voltage to a definite 
value either directly by a voltmeter or by adjusting the current into the known resistance 
re. Then the voltmeter across C may be calibrated in terms of Q. If the capacitor C 
has negligible loss, this will be the Q of the coil. Commercial measuring sets called Q- 
meters are available with self-contained oscillator, low-loss variable-capacitance standard, 
and vacuum-tube voltmeter, which are direct reading for Q. They are satisfactory up 
to 200 megacycles or higher. 

There are a number of errors in the Q reading that may be corrected for when known. 
The resistance r of the circuit includes the equivalent series resistance of the capacitor, 
which includes its dielectric loss and the admit- 
tance of V2. The frequency response of the 
voltmeters may not be flat. If the input 
current is controlled, E; is affected by change 
in impedance of r, due to reactance or skin 
effect, and by the shunting effect of r. These 
errors vary independently with Q, X, and w so 
much that no average figure for accuracy 

a applies. For values of Q about 100, and values 
Fre. 13. Q Meter Circuit of X about 100 ohms, accuracies of 5 per cent 
can be expected up to 25 megacycles. 

MUTUAL INDUCTANCE. Mutual inductance between two coils can be determined by 
measuring the self-inductance of the. two windings by any suitable method, with the wind- 
ings connected tirst series aiding and then series opposing. The difference between the 
two values is four times the mutual inductance. The ground conditions are usually dif- 
ferent for the two measurements from the actual operating conditions. This may be a 
source of error, particularly where the coupling is low. The ratio of secondary voltage to 
primary current may be determined directly by thermocouple and vacuum-tube voltmeter. 


14. SIGNAL GENERATORS AND DETECTORS 


The following discussion is limited to the special requirements which apply to use with 
measuring circuits such as those described. More complete information may be found 
in articles 36 to 40. 

SIGNAL GENERATORS. Many single-frequency generators are available in the 
audio-frequency range provided the requirements are not severe. However, the tuning 
fork operated by a microphone or vacuum tube, and the rotating generator, represent 
practically the only types, other than vacuum-tube oscillators, with satisfactory charac- 
teristics for precise work. Where a range of frequencies is necessary and particularly for 
frequencies above the audio range, vacuum-tube oscillators are used almost exclusively. 

VACUUM-TUBE OSCILLATORS. The principal requirements for an oscillator for 
measurement purposes are adequate output level, low level of harmonics and other spurious 
frequencies, and high stability of frequency and output level with respect to time and 
temperature. The emphasis on these requirements depends on the type of measurement. 
The output level should be high enough to insure that the input level to the detector is 
above thermal noise for the most precise balance. An output of 0.1 watt is usually ade- 
quate. Level stability requirements are more lenient for null measurements. Harmonic: 
requirements are more lenient for null measurements which are not frequency dependent. 
In general, when untuned detectors are used, harmonics should be held below 8 per cent. 
of the fundamental, and for null resonant measurements, below 1 per cent. Harmonics. 
may be suppressed by filtering external to the oscillator, either before or after the measuring: 
circuit. The former is preferable in so far as it prevents production of false signal by modu-- 
lation in the measuring circuit, but it places severe modulation requirements on the filter. 

Oscillators are in general of three types, according to the type of frequency-selecting: 
network used, namely, crystal, LC, and rC oscillators. The crystal oscillator is the most 
stable and is the preferred type for fixed frequency applications over the frequency range- 
for which crystals are applicable, about 10 kc to 10 mc. The LC oscillator is the most 
versatile and can be used over the whole frequency range up to the maximum frequency 
at which lumped constants are practical. At low frequencies, the necessity of using coils. 
of large physical size to obtain a high Q makes it cumbersome, and the rC oscillator is 
preferred. This oscillator has the advantages that the components are small even at very 
low frequencies, and it may be made direct reading more readily. It is suitable for fre-- 
quencies lower than 1 cycle up to about 100 ke, where, in spite of lower stability, it com-- 
petes with the LC oscillator because of the direct-reading feature. 


BIBLIOGRAPHY 11-31 


HETERODYNE OSCILLATORS. These oscillators, having an output frequency 
which is the difference between the frequencies of a fixed and a variable oscillator, can be 
made to cover a wide frequency range with a single continuous control. This has two 
advantages: it allows them to be made direct reading over wider ranges than the conven- 
tional LC oscillator, and the broad continuous range makes them suitable for sweep 
frequency measurements required in recording, and in cathode-ray visual indication, of 
frequency characteristics. 

DETECTORS. Detectors, as distinct from actual measuring instruments, are limited 
to the detection of null balances and equality of output from different circuits or from 
different arrangements of the same circuit. 

The principal requirements are adequate sensitivity for the accuracy required, sufficient 
discrimination against harmonics, and stability of gain with time and temperature. 
Sensitivity can usually be obtained by amplification. The limit is determined by thermal 
noise, which depends on the band width. This limit is approximately 10~®° watt per cycle 
band width. For instance, using a detector with a 1000-cycle band width working out of a 
bridge of 1000 ohms impedance, minimum signal to exceed thermal noise will be 10717 
watt or 0.1 pvolt. 

. The harmonic suppression required depends on the oscillator harmonics, the method of 

measurement, and the characteristics of the unknown. Gain stability requirements are 
least severe for null measurements. They are most severe in adjusting two outputs to 
equality using some form of suppression. 

The telephone receiver with or without preceding amplification is the simplest and most 
sensitive detector within the audio-frequency range. Owing to the frequency charac- 
teristic of the ear and of the receiver, considerable discrimination against harmonics can 
be obtained in the frequency range where they are most sensitive. At higher frequencies, 
the heterodyne type of detector giving an audio output may be used with the receiver. 
It has the advantage of giving considerable discrimination. In all detectors care must be 
taken that the harmonics do not overload the input sufficiently to cause a false signal due 
to modulation. 

In addition to the telephone receiver, a rectifier, such as copper oxide or a vacuum tube, 
may be used with a d-c instrument or cathode-ray-tube indicator. These require greater 
amplification and more discrimination. 
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WIRE LINE MEASUREMENT 


By H. J. Fisher 


15. TRANSMISSION MEASUREMENTS 


Transmission measurements evaluate a circuit or facility (wire line, cable, radio circuit, 
three- or four-terminal network, etc.) in regard to its ability to transmit telegraph, voice, 
modulated carrier, television, or other communication signals. This evaluation usually 
involves two criteria, (1) effect on signal amplitude and (2) effect on signal shape. It has 

; been found convenient to 
Gneeo test express the criteria in 
terms of steady-state mea- 
surements of loss or gain, 
phase shift, and envelope 
delay distortion vs. fre- 
quency, and, in addition, 
non-linear distortion 
(compression, expansion, 
interchannel modulation 
cross-talk) as a function of 
signal amplitude. Usu- 
ally the device or circuit 
to be measured is one of many connected in tandem between the original signal source 
and the final receiver, and it is desired to know the effect on overall transmission caused 
by inserting the portion in question. Since the individual portions of a system are usually 
designed to have a nominally constant impedance (vs. frequency) of a standardized value 
(e.g., 600 w, 135 w, 75 w) the insertion transmission can be measured directly with test 
equipment having the Ave maintains constant voltage which is 
same nominal impedance. equivalent to zero impedance generator 
Impedance variations System or unit to be measured 
with frequency of the unit oie 
to be measured, of the 
connected circuits, or of 
IMW_(O-dbm 
reference 


the testing equipment, 
[ standard 


will produce errors in the 
| imMw (0-dbm) 
sending source 


insertion transmission 
measurement which must 

Receiving end calibrating 
circuit used as needed 


Compare 


Compare 


Detector 


Oscillator 


Impedance 


Impedance ! Nin 
Adjust ane & 


improving Adjust 
pad 


Attenuator 


Fie. 1. Comparison Method for Measuring Insertion Loss 


Oscillator 


IMW (0-dbm) 
reference 


be considered. If all im- 
standard 


pedances are designed to 
have less than 5 per cent 
reflection coefficient these 
an ae baa can be ne- Fie. 2A. Straightaway Method for Measuring Insertion Gain or Loss 
INSERTION LOSS OR GAIN. Comparison Method. Figure 1 shows a commonly 
used setup for measuring insertion loss. The attenuator is adjusted until equal readings 
are obtained on the meter for the two positions of the key. When measuring gain the 
attenuator is connected in tandem with the unknown. Systems or units having input 
frequencies that differ from the output frequencies such as modulators or mixers can be 
‘a measured with this setup provided that the 
detector and attenuator characteristics do not 
change over the frequency range of interest. 
Straightaway Method. Figure 2A shows a 
setup for making this type of measurement. 
A circuit of this type is required when the in- 
put and output terminals are not available at 
Rectifiers the same location. The circuit is self-explan- 

atory except for the following items. 
ee ieee es Dbm Meter. This is usually a broad-band 
amplifier having adjustable gain in 10-db steps followed by a linear rectifier (diode or 

varistor) with a meter calibrated in dbm over about a 13-db range. See Fig. 2B. 
1 Milliwatt (0 Dom) Reference Standard. This is usually a thermocouple circuit of the 


correct impedance arranged to be calibrated by standard d-c power as determined by a d-c 
milliammeter. 


Sending end calibrating 
circuit used as needed 
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Voitage Method. For making measurements on working systems without causing dis- 
turbance to the working signals, a frequency selective voltmeter is used (see reference Se 
This is a high-impedance selective heterodyne detector of adjustable sensitivity in, say, 
10-db steps followed by a linear detector and dbm meter. The measurements are usually 
made at the pilot frequencies or other frequencies not in the signal channels. Since the 
working signals may be at higher levels than the pilots, it is important that the first 
modulator and input amplifier be operated at levels low enough to reduce the error due to 
intermodulation products falling at the measuring frequency. Frequency discrimination, 
at intermediate and final frequency stages, sufficient to eliminate all other unwanted 
frequencies is obtained by means of quartz crystal filters and selective interstage circuits. 
The required discrimination can be reduced by about 26 db by the use of a linear rectifier 
rather than a peak detector and about 23 db with square-law or thermal-type indicators. 

MEASUREMENT OF INSERTION TRANSMISSION (LOSS OR GAIN) OF CIR- 
CUITS AND UNITS HAVING MISMATCHED IMPEDANCES. As stated above, 
when the reflection coefficient of the circuit or unit being measured and the test equipment 
are less than 5 per cent when re- 
ferred to the nominal impedance 
the measured insertion transmis- 
sion is usually negligibly different 
from the true insertion transmis- 
sion. In some broad-band systems 
the impedances of the tandem 
components vary considerably 
with frequency from the nominal, 
and the reflection losses incurred 
are sometimes employed in overall 
equalization of the system. When 
measuring components of such a 1000~ 
system with nominal impedance 
test equipment there is a discrep- 
ancy between the measured and DBM meter 
actualinsertiontransmission.When yy, 34, Modulation Measurements on Overall Carrier 
measuring with a,voltmeter type Telephone System 
of circuit the discrepancy is differ- 
ent and usually larger. This in itself causes no great complication in the maintenance 
of these systems since the operating limits are specified having in mind the type of test 
equipment which is used. Difficulty does arise when attempts are made to correlate 
measurements made by the two methods. A calculation using complete impedance in- 
formation and rigorous insertion transmission equations is necessary. 

INTERMODULATION DISTORTION MEASUREMENT. Asa result of non-linear 
distortion (such as occurs in vacuum-tube amplifiers) in a transmission system, frequen- 

cies other than those applied to the 


Multichannel 
carrier line 


oice channels 1-9 in service 


Transmitting carrier terminal 
Receiving carrier terminal 


> 49 ke (2 A-B) | Line section | 49 ke (2 A-B) input of the system are produced. For 
—>53 ke (A) pes oe | 53 ke (A) example, if two tones are applied to 


the system, say (a) and (b), new com- 

ponents having frequencies such as 2a, 

2b,a + b, 2a + b, 2b + a, 3a, 3b., ete. 

are produced. In some cases, these 

new frequencies fall outside the band 

of interest and need not be considered, 

Sceiverietenter but in wide-band systems many of 

including DBM meter these products fall within the trans- 

Preselection filter mitted band. In multichannel sys- 

passes 49 ke tems these new frequencies may result 

Fie. 3B. Modulation Measurements on Line Section in interchannel interference. To pre- 

vent this interference from exceeding 

allowable amounts, measurement of intermodulation distortion is a necessary part of the 
maintenance of multichannel systems. 

There are two types of test: (1) an over-all test to check whether the circuit as a whole 
meets specified requirements; (2) a test on a portion of the circuit or on individual re- 
peaters to locate the defective tubes or other component or a maladjustment. 

Figure 3A shows how the over-all test is made on a typical 12-channel carrier system. 
Channels 1 to 9 are continued in operation, channels 10, 11, and 12 being turned down. 
Channels 11 and 12 are energized with 1000-cycle power of specified level, and after pass- 
ing through the terminal modulating equipment they appear on the line as 53 and 57 ke. 


| —>57 ke (8) 


=e Of ESIN 


Sectionalizing filter 
suppresses 49 kc 
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As a result of third-order intermodulation in succeeding amplifiers, 49 ke (2a — 6b) is pro- 
duced. At the receiving end this product appears in voice channel 10 as 1000 cycles, 
where it is measured with a sensitive dbm meter. The 2a — 6b product is used for this test 
because it is the product most likely to be excessive. The reason for this is that the modu- 
lation component produced at each repeater tends to add in phase with the components 
produced by other repeaters whereas most other products add on a random basis. 

To localize sources of excessive intermodulation the line may be sectionalized as shown 
in Fig. 3B. In this case, the three channels are turned down as before, the 53 and 57 ke 
originating as 1000 cycles at the transmitting terminal. Any 49 ke produced between the 
terminal and the suppression filter is suppressed and the test is essentially originated at 
that point. The selective detector and preselection filter are portable and can be moved 
as near to the suppression filter as desired, for example close enough to include only 
one repeater. 

In other multichannel systems the modulating test tones are applied directly to working 
lines by means of high-frequency oscillators. They are allocated in spaces between work- 
ing channels and are also chosen so that the product being measured, which may be 
2a, 3a, 2a — bd, etc., also falls in an idle part of the spectrum. 

See references 1 to 3. 

INSERTION PHASE MEASUREMENT. This measurement is almost entirely re- 
stricted to the laboratory, where it is particularly useful in connection with the measure- 
ment of the feedback factor (48) loop of a feedback amplifier (see references 4 and 5) and 
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Fig. 4A. Direct-reading Phase-measuring Circuit 


the insertion phase of networks (see reference 6). In connection with transmission of 
television signals over coaxial cables phase data are obtained indirectly by the integration 
of the envelope delay characteristic. 

Figure 4A shows a direct-indicating type of circuit by means of which the uw character- 
istic can be quickly obtained. Attenuators A and B are adjusted so that the input and 
output vectors are equal in magnitude. The loss or gain of the circuit under test can be 
obtained from these attenuator readings. By an alternative arrangement, using avec 
amplifiers this can be accomplished automatically. Assuming that vectors of equal mag- 
nitude are applied to the hybrid coil the meter reading will indicate the phase difference 
directly. Figure 4B shows the characteristics of the direct-indicating phase indicator. 
The difference of the rectified sum and difference outputs is used because it permits the 


: - : a py pe? 
use of a more linear portion of a cosine function [ response = k’ cos G + 3 BY; 


this means a quite linear indication of phase difference can be obtained over a 180° range 
and within the range of 90° + 45° the deviation is usually negligible. This range of good 
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linearity may be shifted to any other desired portion of the range by means of a calibrated 


phase shifter in one of the branches. In Fig. 4A a 
modulation method is shown to provide selectivity to 
reduce the effect of noise and to permit the use of 
fixed-frequency circuits, but successful broad-band sets 
have also been constructed. This type of set is also 
easily adapted to the automatic recording of uf. 

Other types of phase-measuring circuits have been 
devised. Generally they require the adjustment of the 
reference and unknown vectors to equal magnitude. 
Phase may then be computed from the difference in 
magnitude of their sum and difference, or, by means of 
an adjustable calibrated phase shifter (of any of several 
well-known types) placed in either branch, the sum or 
difference may be adjusted to a null and then the phase 
shift may be read directly from the calibrated phase 
shifter, due allowance being made for quadrant deter- 
mination. In a variation of this method suggested by 
S. T. Meyers and used extensively, the sum or difference 
is adjusted by means of a calibrated phase shifter 
to equality with the reference and unknown vector. 
between the two applied vectors which when added to 
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Fia. 5. Envelope Delay Distortion Measuring Circuit 


munication (see references 7-12). 
frequency) as a criterion for distortion of signal shape is 
lope delay is expressed as d8/dw, and in an 
ideal system it is independent of frequency 
in the range of interest. Envelope delay dis- 
tortion is corrected by means of phase-shift 
networks, the objective being to obtain a 
phase shift vs. frequency characteristic in the 
frequency range of interest having a slope 
dB/dw which is constant. For networks and 
amplifiers the necessary phase data are usu- 
ally obtained directly from phase measure- 
ment. For long lines it is dificult to make 
accurate straightaway phase measurements 
on account of the instability of the loss and 
phase of the line which may include many 
repeaters, and the usual practice is to measure 
envelope delay distortion. From these data 
the phase requirements for the equalizer can 
be computed. 
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This indicates a 120° phase difference 


or subtracted from the indicated 
phase shift depending on the 
quadrant gives the actual 
phase difference. 

Another widely used phase- 
measuring circuit is described 
in W. P. Mason’s patent U.S. 
1,684,403. This is known as 
the sum-and-difference 
method and requires only 
commonly available equip- 
ment such as an oscillator, a 
detector, and attenuators (see 
reference 6). 

INSERTION ENVELOPE 
DELAY DISTORTION 
MEASUREMENT. In some 
types of communication, such 
as television, telephoto, and 
telegraph, distortion of signal 
shape is more important than 
for ordinary telephone com- 


Equally as important as attenuation distortion (vs. 


envelope delay distortion. Enve- 
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Fig. 6. Typical Phase Characteristic of a Trans- 


mission Line 


Figure 5 shows a circuit for making straightaway measurements of the envelope delay 


distortion of long coaxial circuits. 


At the sending end four frequencies of equal amplitude 
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are transmitted: f, + p/2 and f; — p/2, representing the reference signal; and f, + p/2 
and fo — p/2, representing the test signal. Referring to Fig. 6, assume that the line under 
test has a phase vs. frequency characteristic as shown. At the distant end of the line each 
of the four frequencies will have been shifted in phase by different amounts Ba—p/2), 
Ba+ p/2), Be—pi2), and B+ p/2). Now we can say that 


ABi = Bu+4p2) — Bap), AB2 = Betpiy — Be—pie) 
and if p is chosen small enough then for all practical purposes 


AB _ dBi ABs _ dB 
27p da) 27p aw 
d d ; ABe° — ABi°)10° _. 
The envelope delay distortion aBe = a is equal to (OBS ep a microseconds. 
dw dw _ 8360p 


If fe is varied over the band of interest the measurement of AS, — Af; will represent 
envelope delay distortion referred to the envelope delay at the reference frequency fi. If 
the set is given a ‘‘zero’”’ adjustment by means of the “‘zero adjust’’ phase shifter so that 
with a distortionless line or resistance pad in place of the line under test the indicated 
envelope delay distortion is zero then the equipment at the receiving end will provide an 


d d 
indication proportional to (AG: — Af,) and therefore also to (2 — o) , the envelope 


da dw 
delay distortion. The receiving circuit functions as follows: the reference signal and the 
test signal are separated by filters as shown and then demodulated to obtain the difference 
products. The outputs of the two demodulators are of the same frequency p but have a 
phase difference equal to AB. — Afi, assuming that the zero adjustment has been made. 
The amplitudes of the two vectors are made equal by means of the attenuators (which 
incidentally provides a measure of attenuation distortion) and combined in the hybrid 
coil from which two new vectors are obtained, one whose amplitude is a function of the 
sum of the two vectors (Hag, + Hag,) and the other whose amplitude is a function of the 
difference (Hag. — Hag). These new vectors are rectified separately in linear amplifier 
rectifiers, and the difference of the d-c outputs is indicated on the two-winding zero 
center meter. By the use of the difference of the sum and difference d-c outputs the indi- 
cation obtained is very closely proportional to AB, — Af; from 0 to +180° and, as shown 
above, is therefore also proportional to (2 — ) , the envelope delay distortion in 
microseconds. If the area under the plotted curve is integrated step by step by means 
of a planimeter or graphical methods, the phase vs. frequency characteristic can also be 
obtained which is the form of data required for use in designing phase-correcting networks. 

By the introduction of a motor-driven signal generator and interlocking arrangements 
at the sending end and avc amplifiers in place of the attenuators and a recording meter 
at the receiving end, this circuit can be adapted to automatic recording of both the attenu- 
ation and envelope delay distortion vs. frequency characteristics. 

After the initial phase correction is made by means of phase correctors in the line, the 
residual delay distortion is considerably reduced and it is necessary to increase the delay 
sensitivity of the measuring circuit to obtain data for more accurate phase equalization; 
this is accomplished by insertion of harmonic multipliers at A. Similarly the phase sensi- 
tivity may also be increased by increasing the frequency interval, p. The objection to 
this is that it does not catch the narrow interval variations. 


16. NOISE MEASUREMENTS 


Telephone circuit currents other than those produced by acoustic pressures on the 
transmitters (e.g., currents produced by electromagnetic or electrostatic induction from 
power circuits or from other telephone circuits, currents produced by thermal noise, 
vacuum-tube noise, defective components, etc.) produce noise in a telephone receiver 
connected to the circuit, these currents being called noise currents. Not all frequency 
components of noise have the same interfering effect on a telephone conversation, since 
the human ear and the telephone system do not respond equally to all frequencies. (See 
also Coordination of Communication and Power Systems, Section 10.) A measurement of 
the total noise power on a telephone circuit would, therefore, not be a true indication of 
its interfering effect. 

For many years noise currents were measured by comparing the actual noise as heard 
in a receiver to an adjustable standard noise produced by a buzzer, the ear weighting the 
different frequency components of the noise. Difficulty in comparing the noise with the 
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standard when it did not have the same frequency components, and variations between 
different observers when measuring the same noise, resulted in the development of meter 
methods, the device for measuring telephone circuit noise being known as a circuit noise 
meter or noise-measuring set (see references 13 and 14). This consists of a high-gain 
amplifier a weighting-network, a rectifier, and a d-c meter as shown in Fig. 7. 


Weighting 


Fie. 7. Circuit Noise Meter 


A typical weighting network and amplifier together have the response characteristic as 
shown in Fig. 8. This curve is based on a large amount of experimental data and takes 
into account the typical receiver-ear sensitivity and terminal trunk transmission character- 
istics. For lines carrying program, the weighting characteristic would be different, giving 
-more weight to the upper and lower frequencies. 

The rectifier circuit has been designed so that the d-c output for a steady-state complex 
input to the rectifier is proportional to the square root of the sum of the squares of the 
individual single-frequency voltages in the complex input. The output is a function of 
the average power impressed on the rectifier and 
not of wave shape. 0 

A limited db scale on the meter and a gain con- oo 
trol calibrated in decibels are provided for indi- 
cating the noise level in decibels above “‘reference 10 E i 
noise,’’ which is the term given to any circuit noise 
which would produce a meter reading of zero, the 
same reading as would be produced by sending 
10-” watt of 1000-cycle power into the circuit 
noise meter (600 ohm input). 

Reference noise is defined in this manner so as 
to facilitate calibration and measurement. For a 
single type of telephone instrument and corre- 
sponding weighting network the definition is suffi- 
cient. However, there are several instruments 
with different frequency-response characteristics, ee Paka i= 
and each requires a separate weighting network. ae 
The method of calibration makes these networks CO 
all give the same reading for a 1000-cycle input, 
but noise measured as equal with different net- 0 A 2 z A 5 
works may not be equal in interfering effect when Frequency-kilocycles per sec 
heard with _the corresponding FS CUS: In Fie. 8. Frequency Characteristic of 
practice, it is customary to express noise magni- Typical Weighting Network 
tudes in dba (decibels adjusted) by adjusting the 
reading in db above reference noise so that equal magnitudes (in dba) represent equal 
interfering effects for different types of instruments. A different adjustment is required 
for each type of telephone instrument. 

The meter and associated circuits have a dynamic characteristic such that the response 
to sounds of short duration approximately simulates that of the ear. 
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17. CROSS-TALK MEASUREMENT 


Transmission between separate communication circuits is called cross-talk. When the 
cross-talk comes principally from one other circuit, it is measured in the same way as a 
transmission loss by sending testing power into the disturbing circuit and measuring the 
cross-talk power received in the other, the ratio between the powers being expressed in 
decibels, since, if a circuit is not overloaded, the ratio is substantially independent of the 
actual power. This type of measurement is called a cross-talk coupling measurement. 

In measuring the cross-talk coupling between two coterminous two-wire circuits, the 
generator which supplies the testing power and the receiving device which measures the 
received power are connected at the same ends of the circuit as in Fig. 9, the measurement 
being called a near-end measurement. Four-wire and carrier circuits have separate 
transmitting and receiving paths. For these types of circuits, it is, therefore, often desir- 
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able to connect the disturbing generator and the receiving device at opposite ends of the 
circuits, as shown in Fig. 10, this type of cross-talk coupling measurement being called a 
far-end measurement. 


Disturbing Circuit 


Disturbed Circuit 


Fia. 9. Near-end Cross-talk Coupling Measurement 


Disturbing Circuit 


Disturbed Circuit 


Fig. 10. Far-end Cross-talk Coupling Measurement} 


As the frequency of the disturbing power is changed, the cross-talk coupling between 
two circuits varies over a wide range. Single-frequency cross-talk measurements are 
therefore of little value, and generators of complex wave shape are used to obtain results 
approximating actual talking conditions. Either warbler oscillators or tube noise genera- 
tors whose energy-frequency spectra are shaped to simulate the human voice are used as 
power sources. The warbler oscillator contains a frequency-changing device that causes 
the frequency to sweep over a wide range several times per second. The meter in the 
receiving or measuring device averages the results over the range. 

Except when there is trouble, the cross-talk between any two circuits is generally very 
small. However, when there are many circuits in a group, as in telephone cables, each 
may produce a small amount of cross-talk in any one circuit so that the total cross-talk 
in that circuit may be noticeable. Coming from so many sources, it is usually unintel- 
ligible and is commonly known as ‘‘babble.’”’ The amount of babble varies with the 
actual volume of speech on the other circuits, being greatest at periods when the greatest 
number of circuits are in use. 

Since the sources of babble are numerous, and since the volume on the disturbing circuits 
cannot be controlled, the babble noise on a circuit must be measured in some such 
manner as speech volume, or noise, the measurement being one of power, rather than a 
power ratio measurement as in cross-talk coupling. 

Tests are made by connecting a high-impedance vacuum-tube measuring device across 
an idle circuit. This receiving device is similar to that used in transmission level or volume 
tests with the exception that the amplifier does not have a uniform frequency response, the 

Pulse characteristic of the amplifier being simi- 
generator lar to that used in noise measurements. 
If observations with this device for short 
periods during several successive days 
show no abnormal conditions, the circuit 
is considered satisfactory. A high-imped- 
ance device is employed so that it will 


Transmitted not interfere with normal use of the circuit. 
pulse : 


Reference line 


EAs 18. ECHO TESTING OF LINES 


Termination 
network 


Repetition 
rate osc 


Calibrated 


ppaserspu teh This method of test is an adaptation of 


Reflections , 
; ‘conti : radar methods and has been used in two 
irregularities = principal applications: (1) location of 
Sawtooth Ponibe - bl d 5 - 
menerater gross faults in cable and open-wire cir- 
Wea Mieetiche indiecter cuits, and (2) detection of irregularities of 


coaxial cable circuits used for television. 

Figure 11 shows a circuit applicable to this test. The fundamental circuit is similar for 

both applications, the differences being in the shape and length of the transmitted pulses, 
the repetition rates, and the sweep speeds (see references 12, 15, and 16). 
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When a pulse is applied to the line it travels down the line, and when it reaches an 
irregularity a portion will be reflected to the sending end where it will appear sometime 
later on the oscilloscope as a vertical displacement. The time between the application of 
the pulse and the return of the reflected portion is indicated by the horizontal displacement, 
which can be converted to distance, the velocity of transmission of the type of cable or line 
under test being known. From the shape and size of the reflected pulse or echo it is possi- 
ble to estimate the nature of the irregularity. 


19. SQUARE WAVE TESTING 


Square wave testing or more generally time function or transient response testing 
(see references 17-20) seems to be an obvious answer to the problem of testing circuits for 
which reception of a faithful reproduction of the shape of the transmitted signal is a pre- 
dominating requirement and, in fact, is widely used in this manner. As implied above, 
the method is to apply a pulse or continuous train of pulses to the circuit and to compare 
by means of an oscilloscope the received pulse with the original pulse. The shape of the 
received pulse as viewed on the oscilloscope is very sensitive to phase and attenuation 
distortion, and departure in these respects is easily detected; and if the circuits are adjust- 
able it is quite easy to detect when the correct adjustment has been obtained. On the 
other hand it is usually difficult to interpret the results in terms of numerical quantities 
which would be useful in designing equalizing networks. A technique for the evaluation 
of the transient response of television networks is described in two papers published in. 
the Proc. I.R.E., October 1942, by Bedford and Fredendall and by Kell, Bedford, ana 
Kozanowski. 


20. A-C BRIDGE METHOD OF LOCATING IRREGULARITIES 
IN LINE IMPEDANCE 


The operation of repeaters on telephone circuits requires the maintenance of a high 
degree of balance (see references 21 and 22) between the impedance of the circuit and that 
of the network in the repeater which balances it. Circuits built for repeater use are care- 
fully constructed to have uniform characteristics and when measured over a frequency 
range have uniformly varying characteristics as indicated by curves A and C of Fig. 12. 
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Erequency of Measuring Current 
Fig. 12. Null Method of Measuring Line Impedance and Locating Impedance Irregularities 


For such types of circuits a balancing network can be built which will permit a repeater to 


be operated at a high gain. ; 
When a line irregularity is present, such as a low-inductance loading coil, an inserted 


length of line of different construction, or a severe leak across the wires, the effectivs 
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resistance and reactance curves are no longer smooth but change periodically, curve B 
showing the effect of an irregularity on the effective resistance. The reactance changes 
in asimilar manner. This effect is utilized in locating the irregularity, as there is a relation 
between the separation of peaks on the curve and the distance to the irregularity. 

When an alternating current strikes a circuit irregularity such as a sudden change in 
impedance, some of the current is reflected towards the sending end, the amount so re- 
flected depending upon the size of the irregularity. Sometimes this reflected current aids 
the current entering the line and sometimes it reduces it, depending upon the distance to 
the irregularity and the frequency. When the distance from the sending end of the line 
to the irregularity is great a larger number of wavelengths is included between the two 
points than when the line is short; consequently a smaller change in frequency is necessary 
to add an extra wavelength. Each wavelength, half of which adds to and half of which 
subtracts from the original current, thereby decreasing or increasing, respectively, the 
impedance of the circuit, causes a peak or hump in the curve. 

As an example of the manner in which the distance to an irregularity can be deter- 
mined (see Fig. 12), let d be the distance to an irregularity. The reflected current must 
travel from the sending end to the irregularity and back again to the starting point, so 
that it really travels twice the distance or 2d. If the length of one wave is Wi, the total 
number of wavelengths in the reflected current equals twice the distance divided by the 
wavelength. Let the number of waves be designated by N; then N = 2d/W, at some 
particular frequency which can be called f;. Assume that f, is the frequency corresponding 
to one of the peaks on the impedance curve. 

As brought out in the foregoing, when the frequency has been increased so that one 
more wavelength is included in the double length of line, another peak will be produced 
in the impedance curve. Let this frequency be designated as fo. There are now N + 1 
wavelengths at a frequency fo, or N + 1 = 2d/W». The distance d to the irregularity has 
not changed, but the length of one wave has changed to some value We. 

As the wave travels along a telephone line at practically the same velocity at all fre- 
quencies, the wavelength can be expressed in terms of velocity and frequency. If an alter- 
nating current flows over a circuit at some velocity V miles per second, the length in miles 
of any one wave, W, is equal to the velocity divided by the number of waves per second, 
or the frequency. In other words, W = V/f. 

As shown above, the number of waves in the double path of the reflected current is 
equal to N for frequency f; and N + 1 for frequency fo. In turn N = 2d/W; and N + 1 
= 2d/W»2. Since the wavelength equals the velocity in miles divided by the frequency, 
the wavelength for any particular frequency such as f equals the velocity divided by 
that frequency. Therefore, 


V 
W=— 
coe tae i 
and 
Vv 
W2.=- 
ous 
Substituting these values of W; and W2 in the equations 
2d 
N = — 
Wi 
and 
2d 
Hota 
respectively. Then 
2d/V 2dfi 
Nite erent 
fi V 
and 
2d/V 2dfo 
IN ete 
fa V 


The frequency fi represents one peak on the curve, and fy represents the next peak as the 
frequency increases. From the curve can be determined the number of cycles difference 
in the two frequencies representing adjacent peaks, this difference, of course, being equal 
to f, — fi. Combining the two equations above so that the term fz — f; will be present, 
subtract NV from N + 1. Then 

_ 2dfe — 2dft 
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This gives 2Qdfo  2df 
Levy estan 
or 
V = 2d(fo — fi) 


From this the distance to any irregularity may be determined provided the difference 
in frequency between two adjacent humps and the velocity with which an alternating 
current flows along the line are known. The above equation may be written as 


V 


(f2 — fi) 


Expressed in words this means that the distance to any irregularity equals the velocity 
with which an alternating current flows along the line in question divided by twice the 
difference in frequency between adjacent humps. 

The velocity of transmission for all types of circuits is determined experimentally by 
introducing a known irregularity and solving the equation for V. In practice it is usual 
to take the difference in frequency between several adjacent peaks, between approximately 
700 and 1500 cycles, and use the average difference in velocity at different frequencies 
which causes the interva] between peaks to change slightly with frequency. 

Measurements are usually made with the simple form of impedance bridge shown sche- 
matically in Fig. 12. 


21. D-C AND LOW-FREQUENCY LINE TESTING 


Telegraph and telephone line test boards are generally equipped with special types 
of voltmeters and Wheatstone bridges for making periodic tests of the line wires and for 
the location of faults. These faults are of three general types: grounds, crosses, and 
opens; and they may have any value of resistance from zero to several megohms. The 
voltmeter provides a simple method of deter- 


mining the type and magnitude of a fault, as ee 


shown in Figs. 13, 14, 15, and 16. Loan. 
distant end 
Voltmeter i 7 | 
; 4 Strap at I? leakage is assumed uniform 
Line pair F c E-V 
: Pp distant end Megohms per mile= Tov * length in miles 
| 
Battery Fia. 14. Insulation Test 


Fig. 13. Continuity Test 


100,000-ohm voltmeter 


When key is closed the charging current will 
cause a momentary deflection. The duration is 
proportional to the capacitance. Thus by com- 
paring the deflection obtained with the defective 
wire with that obtained with a good conductor 


__E-V nets of known length the distance to the fault can be 
Re Toven ie ore estimated. 
Fria. 15. High-resistance Leak to Ground Fie. 16. Voltmeter Test for Open 


For the actual location of faults the Wheatstone bridge is used as illustrated in Figs. 
17, 18, 19, 20, and 21. In these figures Z is the length of the line and d is the distance 


conductor 


Strap 


Fig. 18. Simple Murray Loop Test for Grounded 
Conductor. When A and B are adjusted for 
balance 3 


Fig. 17. Simple Bridge to Measure Daou 
Loop Resistance. At Balance Ry = R. A+B 
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from the testing end to the fault. It is assumed in the illustrations that the good and faulty 
conductors used in the bridge measurement have the same resistances per unit length in 
the case of grounds and crosses, and the same capacitances per unit length in the case of 


opens. 


Note: The conductor unit resistance will 


i R is adjusted to give minimum 
not usually be accurately known. For this When c 
reason a fault is ordinarily located on a per- response in telephone receiver 
centage basis by making both simple loop and R 
Varley measurements. d= UM L 


Fic. 19. Simple Varley Loop Test for Fic. 20. Simple Murray Loop Test for 
Grounded Conductor Opens. [Suitable only for short lines (1/2 


Ghai = aK mi cable). For longer lines use Fig. 21. 
2 


(K = ohms per conductor unit length.) 


A4-Cycle detector 


a Distributed capacitance | 


= Ry=resistance to balance 
for capacitance of 
length d of faulty 
conductor 

= Ns=resistance to balance: 

for resistance of 

faulty conductor 


Distributed capacitance 
Tor good conductor of 
= length L : 


Ea 


Rg=resistance to balance for capacitance 
of length L 


BQ Ng=resiStance to balance for resistance 
oI 
oy, of good conductor 
ae Rf 
=> =——L 
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Fig. 21. To Locate an Open, a Bridge Reading Is Taken on the Open Conductor and Compared with 
the Reading Obtained on a Good Conductor of Known Length 


If the fault is a cross between wires, the second crossed wire is substituted for the ground 
connection to the battery key. 


It is important that the location be as accurate as possible to lessen the overall fault 


clearing time, and to this end variations of the simple bridge tests are used to minimize 
errors (see references 22-29). 
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ROUTINE MEASUREMENTS ON A-M AND F-M 
BROADCAST RECEIVERS 


By W. O. Swinyard 


In receiver measurements it is sometimes convenient to use the logarithm of the stage 
gain so that gains can be added, instead of multiplied, to determine the overall non- 
regenerative gain, and to express these in terms of decibels. It is also convenient to discuss 
overall sensitivities in terms of decibels below 1 volt, in which case the microvolt sensitivity 
is used to determine a voltage ratio. Though this is strictly a misuse of the term, it is 
convenient and will lead to no serious difficulty as long as the user is aware of the limitations 
of these practices. 


22. OVERALL A-M RECEIVER MEASUREMENTS 


REQUIRED TEST EQUIPMENT. Standard-signal generator, standard dummy 
antenna, standard test loop, output wattmeter, audio-frequency generator, distortion 
meter or wave analyzer, and an auxiliary 1000-ke signal generator. 

STANDARD TEST CONDITIONS. Standard line voltage is 117 volts for a-c, d-c, and 
a-c/d-c receivers. Receivers designed for a-c and d-c operation are usually tested on 
alternating current and check measurements are made on direct current. 

Measurements on automobile receivers should be made using a battery which provides 
6.6 volts at the receiver battery terminals. 

The normal test voltage for receivers designed for farm lighting systems is 36 volts. 

Battery-operated receivers should be tested using new batteries of the type and voltage 
specified by the receiver manufacturer. 

The volume control and the tone control or controls should be set to provide maximum 
400-cycle output. If a selectivity control is provided, it should be set, for the initial tests, 
to provide greatest selectivity. The effect of the tone and selectivity controls on the per- 
formance should be determined by special tests. 

RECEIVER ALIGNMENT CONDITIONS. The overall sensitivity, selectivity, and 
range coverage of the receiver are first measured without disturbing the receiver alignment. 
These measurements are followed by the single-stage measurements, after which the re- 
ceiver is aligned, in accordance with the manufacturer’s service instructions if available, 
and complete overall measurements are made. Normally, no overall measurements are 
made with the receiver aligned at each test frequency. However, in certain cases such 
measurements might be desirable since they would show the effect of circuit misalignment 
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on the overall sensitivity, assuming no regeneration. In all cases, however, the frequencies 


at which the circuits are in exact alignment should be noted. 


Figure 1 shows the equipment as it is set up for overall measurements. : ; 
RANGE COVERAGE. The maximum and minimum frequencies to which the receiver 
can be tuned in each band are recorded for the ‘‘as received” and later for the aligned 


conditions. 


OVERALL SENSITIVITY (SENSITIVITY-TEST INPUT). This test normally con- 
sists of determining the sensitivity-test input at three to six points in each wave band. 


Standard 
dummy 
load 


Modulator 
and %. mod 
control 


400-cycle 
oscillator 


400-cycle 
filter 


Standard 
signal 
generator 


Harmonic 
analyzer 


External 
audio oscillator 
30-15.000 cycles 


Fra. 1. 


Wattmeter 


Arrangement of Apparatus Used for Overall Measurements 


The output of the stand- 
ard-signal generator is fed 


Standard . : : ; 
eae Attenuator dummy into the input terminals of 
aime mig the receiver through the 


standard dummy antenna. 
The output meter is con- 
nected to the secondary of 
the output transformer, 
and the load is adjusted to 
the proper value. The re- 
ceiver is then turned on 
and the voltage of the 
power source set to the 
correct value. After it 
has throughly warmed up 
it is tuned to the modu- 


lated signal-generator out- 
put and the controls are adjusted to provide maximum 400-cycle output. The 400-cycle 
filter is then switched in to remove the noise, and the sensitivity-test input is determined. 
It may be measured in decibels below 1 volt or in microvolts. 

If the receiver employs a selectivity control its effect on the sensitivity is determined 
by additional measurements which are usually made at 600 ke, 1000 ke, and 1400 ke. 

The sensitivity of battery-operated receivers is measured in the normal way and with 
A and B batteries whose terminal voltage has dropped to 1.1 volts for the A and to 60 
per cent of the nominal value for the B battery. 

A 400-cycle filter used with the output wattmeter usually will reduce the noise voltage 
in the output to a negligible level. However, there may be cases where noisy or extremely 
sensitive receivers are being measured when allowance must be made for residual noise. 

EQUIVALENT-NOISE-SIDE-BAND INPUT. The equivalent-noise-side-band input is 
taken equal to the input of a single side band of 400-cycle modulation which will produce 
an output from the receiver equal to the noise output, other conditions being the same. 
The reason noise of both side bands has to be identified with a single-side-band component 
of modulation is that there is a random-phase relation between the noise side bands as 
distinguished from the specific phase relations existing between the carrier and each pair 
of side-band components of modulation. The equation for HNSI is: 


where H,, is the desired HNSI in microvolts, H; is the carrier level in microvolts, Hy’ is 
the rms output voltage of the noise alone with an unmodulated carrier applied to the 
antenna, and #,’ is the output voltage due to modulating this carrier 30 per cent at 400 
cycles. The coefficient 0.3 is required because the test input is modulated 30 per cent, and 
only one side band is considered. 

To obtain HN SI, the sensitivity is first determined making due allowance for noise. 
This gives a convenient value for #; in microvolts. The corresponding 400-cycle output 
voltage gives the value of H,’. The modulation is then removed, the 400-cycle filter 
switched out, and the rms voltage due to the noise is noted. This gives the value of Ey’ 
if a therrnocouple meter is used or if the proper correction is applied for the particular 
meter used. The corresponding HNSI may then be computed from the equation given 
above. 

The value of #,’ and E,’ may be observed at a higher signal input level since only their 
ratio enters. A good practice is to increase the carrier input at which HN SI measurements 
are made, whenever the ratio H,’/H,’ exceeds 1. This makes the effective increase in noise 
power due to beats between noise side bands negligible relative to the power due to beats 
between the noise side bands and the carrier. 

It should be noted that it is possible to determine EN SI without using a 400-cycle 
filter. Where this procedure is followed, it is convenient to set the attenuator to the point 
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which makes the noise-output power equal to the signal-output power. HEN SI is then the 
signal input multiplied by the per cent modulation. 

SELECTANCE RATIOS. It is of interest to know how well the receiver discriminates 
against signals located 10 ke away on either side of the desired channel. The regular overall 
sensitivity setup is used. The selectance ratio in decibels is the difference between the 
signal input in decibels below 1 volt required for normal test output on the channel to 
which the receiver is tuned and that required for normal test output on the adjacent 
channel. The selectance ratios are usually measured at 600 kc, 800 ke, 1000 ke, and 1400 
ke in the broadcast band and at corresponding points in the long-wave band if one is used. 

IMAGE RATIOS. The setup for these measurements is the same as that for overall 
sensitivity. After measuring the sensitivity, the receiver tuning is left undisturbed and 
the signal generator is set to the image frequency. The least signal-input voltage with the 
signal modulated 30 per cent at 400 cycles required for normal test output is the image 
sensitivity. The image ratio in decibels is the difference between the overall and image 
sensitivities, when both are expressed in decibels below 1 volt. 

There are other spurious responses such as the half i-f image which are due to oscillator 
harmonics beating against either the fundamental of an interfering signal or harmonics 
of that signal which may be generated in the receiver. However, these are not usually 
measured in a routine receiver analysis. 

I-F REJECTION RATIOS. The sensitivity of the receiver to the intermediate fre- 
quency is determined with the regular setup used for overall-sensitivity measurements 
(including the standard ‘‘all-wave’’ dummy antenna). The i-f rejection ratio in decibels 
is the difference between overall and i-f sensitivities in decibels below 1 volt. Measure- 
ments are usually made at three points in each wave band. In the broadcast band these 
points are usually the two lowest and the highest frequency test points. 

OVERALL SELECTIVITY. The overall selectivity is measured at the center of the 
band (1000 ke in broadcast receivers). The setup is the same as that used for overall- 
sensitivity measurements, and the measurement can conveniently be made after the 
measurement of sensitivity and HN SI at 1000 kc. The total widths of the selectivity 
curve at points 6, 20, 40, 60, and 80 db down from the resonant voltage peak are recorded 
in kilocycles as Ws, Woo, W40, Weo, and Ws. The procedure is as follows: the receiver is 
tuned to resonance at 1000 ke and the attenuator set to the sensitivity-test input; the 
signal generator is then tuned off resonance and the output voltage is increased 6 db; the 
generator is tuned toward resonance until normal test output is secured and the frequency 
is noted; the generator is then tuned through resonance to the point on the other side where 
normal test output is secured and the frequency is again noted. The difference in kilo- 
cycles between these two readings is Ws. For Wx, Wo, etc., the process is repeated. At 
this point it should be pointed out that the modulation should be removed while the 
generator is tuned through resonance to avoid damage to the output meter and that care 
should be taken to avoid errors in the measurement due to possible back-lash in the signal 
generator frequency-dial mechanism. 

Where variable i-f selectivity is employed, selectivity measurements are usually made 
at each position of the selectivity control switch, or at three positions, in the case of 
continuously variable selectivity, at the extremes and middle settings of the control. 

An additional measurement of selectivity is made in the case of battery-operated re- 
ceivers, namely, under the ‘‘dead battery’’ conditions previously described. 

For a receiver employing a long-wave band, it is desirable to measure the selectivity at 
the midpoint of this band since the normal selectivity of low-frequency preselector circuits 
may result in appreciable narrowing of the skirt selectivity. 

In the case of a receiver incorporating a double ave system normal selectivity measure- 
ments will indicate sharper selectivity than is actually provided by the selectivity of the 
resonant circuits. This is true to some extent in any receiver which has less selectivity to 
the ave detector than to the signal-frequency detector. In some cases it may be advisable 
to disable the ave before making selectivity measurements. 

WHISTLE MODULATION. When a signal having a frequency close to twice the 
intermediate frequency is being received it is often accompanied by an audible whistle or 
tweet. This is measured at several values of signal-input level and compared with the 
corresponding 400-cycle modulated signal by expressing the whistle in terms of the per 
cent modulation at 400 cycles required to give an output voltage equal to that resulting 
from the whistle. 

Measurement of the equivalent whistle modulation is made with the regular setup for 
overall-sensitivity measurements. The signal generator with the output set to the appro- 
priate value and with zero modulation is tuned to approximately twice the intermediate 
frequency. The exact setting is chosen by slowly turning the generator from about 30 ke 
below to 30 ke above the frequency that is twice the intermediate frequency while the 
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receiver tuning control is rocked. The generator is set at the point providing the greatest 
whistle output. The receiver, not the generator, is detuned to produce a whistle of max- 
imum intensity to the ear, the volume control being set so that the output voltage at this 
point is well below the overload level. The 400-cyele filter is then switched in; the modula- 
tion is applied to the signal generator and adjusted until the output approaches as closely 
as possible the output previously noted. The ratio of the 400-cycle output voltage to the 
whistle voltage multiplied by the per cent modulation gives the whistle modulation in per 
cent. This procedure is followed for inputs of 0, 20, 40, and 60 db below 1 volt. 

The above procedure must be modified when measuring the whistle modulation at input 
levels of 80 db below 1 volt and less, since the noise tends to mask the whistle when the 
filter is not used. Therefore, the 400-cycle filter is switched in and the whistle carefully 
adjusted to give maximum output. Then the receiver is tuned slightly to one side of the 
carrier, the modulation applied, and the whistle modulation determined as before. The 
equivalent whistle modulation measured at 400 cycles is usually substantially less than that 
of higher frequency whistles, when appreciable ave voltage is developed. However, these 
low-level measurements are usually only important qualitatively, and they indicate the 
need for work on the receiver to remove their causes. In thoroughly shielded receivers of 
correct design the whistle is usually not measurable with inputs below 80 db below 1 volt. 

OUTPUT AND AVC CHARACTERISTICS. These measurements are made in the 
middle of the band (1000 ke for broadcast receivers) using the setup and test conditions 
for overall sensitivity. The signal is modulated successively at 0, 10, and 30 per cent for 
each value of signal input. The signal input is varied from 120 db to 0 db below 1 volt, 
and the audio output for each of the three modulation percentages is plotted against the 
corresponding signal input. The 400-cycle filter is switched in to remove the noise from 
that portion of the 30 per cent curve which is below the overload level, and the data are 
recorded with and without the filter for this portion of the curve. The 0 per cent output 
curve indicates the noise output of the receiver at full sensitivity. It also indicates the 
presence of hum modulation and motorboating at high signal-input levels. 

The ave characteristic is taken in the same manner as the 30 per cent modulation curve 
except that the volume is reduced sufficiently to prevent overloading the output amplifier. 
Usually a reduction in the output voltage of 6 db with a 0 db below 1 volt signal input is 
sufficient. The 400-cycle filter should be used where a measurable amount of noise is 
present. 

AVC FIGURE OF MERIT. The ave figure of merit can be obtained from the ave char- 

acteristic. It is the number of decibels decrease in signal input necessary to reduce by 10 
db the output obtained at a signal input level of 20 db below 1 volt. 
: TWO-SIGNAL SELECTIVITY (CROSS-TALK INTERFERENCE). For these meas- 
urements the generators may be coupled to the receiver under test in either a series or 
parallel arrangement. The measurement is made at 1000 ke for two values of desired signal 
input: 46 db and 0 db below 1 volt for home receivers and 46 db and 14 db below 1 volt 
for automobile receivers. The 1000-ke signal is tuned in with the volume control set to 
provide a medium-strength a-f output from a 1 per cent modulated signal. Modulation 
is then removed; the two generators are connected together with the interfering signal 
modulated 30 per cent and introduced at amplitudes which result in the output previously 
noted for the 1 per cent modulated desired signal. The interfering signal measurements 
are taken at every channel on both sides of 1000 ke up to a 100-ke difference unless the 
necessary signal input reaches the maximum output of the generator before the plus and 
minus 100-ke points have been reached. 

If an auxiliary 1000-ke generator is used, the necessary output adjustments can be made 
using the standard-signal generator modulation for both desired and interfering signals. 
When the two are connected in series for the test the auxiliary 1000-ke generator, having 
no modulation, serves as the desired signal. 

It should be noted that the impedances of the two standard dummy antennas which are 
necessary if the signal generators are connected in parallel should be double the normal 
values. If the two generators have equal output impedances independent of the attenuator 
phe the effective output voltage produced by either one is only half the indicated 
output. 

In making the two-signal selectivity tests two whistles will usually be encountered on 
the low-frequency side of 1000 ke. If the intermediate frequency is 455 ke, the first occurs 
at approximately 955 ke and is due to the beat between the fundamental of the receiver 
oscillator, 1455 ke, and the second harmonic of the input signal. The second occurs at 
approximately 910 ke and is the regular twice-i-f whistle to which previous reference has 
been made. 

HARMONIC DISTORTION. A distortion analysis is made at 1000 ke using the setup 
for overall sensitivity in conjunction with a distortion meter or a wave analyzer. Three 
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sets of measurements of per cent harmonics are made. For the first the signal input is 
maintained constant at 46 db below 1 volt, with 30 per cent modulation at 400 cycles. 
Harmonics are measured at several output levels up to and including the maximum obtain- 
able. It is desirable to choose one output level so that 10 per cent total distortion results 
since this is usually chosen as representing the maximum undistorted output. For the 
second set of measurements the signal input is maintained constant at 46 db below 1 volt 
and the receiver volume control is adjusted for normal test output. The modulation is 
then set to 10 per cent, 50 per cent, and 80 or 100 per cent, and the harmonics are measured 
for each value of modulation percentage. The final measurements are made keeping the 
modulation at 30 per cent, the output at normal test output, setting the signal-input level 
to 60 db, 40 db, 20 db, and 0 db below 1 volt and measuring the harmonics at each value 
of signal input. These values of signal input may have to be modified for receivers of 
special types. If a wave analyzer is used the total per cent harmonic distortion is calculated 
as the square root of the sum of the squares of the individual per cent harmonics. 

CVERALL ELECTRICAL FIDELITY. The regular overall-sensitivity-measurement 
setup is used for this measurement except that the signal generator is modulated 30 per 
cent by an a-f signal generator of variable frequency and the 400-cycle filter is switched 
out. The receiver is first tuned to 1000 ke using a weak signal. The signal input is then 
set to 46 db below 1 volt, and the receiver volume control is set to provide an output well 
below overload. The modulation frequency is then increased until the output is reduced 
by about 14 db, and the tuning control is finally adjusted for minimum output at this 
frequency. The modulation is then set back to 400 cycles and a final adjustment of the 
output voltage is made. The output is then measured at a sufficient number of modulation 
frequencies to permit plotting a curve showing the relative response, in decibels, versus 
modulation frequency using the 400-cycle output voltage as a reference. Curves are 
made showing the maximum overall fidelity and the effect of the tone control on the 
fidelity. Usually two curves are recorded: (1) with the tone control set for maximum highs, 
and (2) with the tone control set for minimum highs. In the case of 1.4-volt battery- 
operated receivers the fidelity is also measured using ‘‘dead batteries.”’ If a bass-com- 
pensated volume control is used, measurements should be made with the arm set both 
above and below the tap to show the effect of the bass compensation. It may be better 
to disconnect the network from the tap in order to avoid overload. 

TESTS ON PUSH-BUTTON TUNERS. Receivers provided with a mechanical push- 
button tuning mechanism are subjected to tests devised to show how accurately the push 
buttons can be set and how well they return to the frequency to which they are set. For 
these tests the buttons are all set up to tune a signal near the high-frequency end of the 
band to zero beat with a signal from another generator which is set to the intermediate 
frequency. For each push button the gang is opened, the button actuated, and the re- 
sultant beat recorded as a frequency error. This is repeated several times, usually eight, 
and similar tests are made from the closed position of the gang. Finally tests are made 
with the gang alternately opened and closed before the button is pushed. All measure- 
ments for each button (24) are then averaged taking account of the sign, and the result is 
recorded as a setting error. The setting errors for each button are averaged without 
regard to sign to secure the average setting error. The deviations of all the errors for each 
button from the figure representing the setting error for that button averaged without 
regard to sign give the mean tuning deviation. The average mean tuning deviation is 
the average of the mean tuning deviations. 

MEASUREMENTS USING STANDARD TEST LOOP. The following measurements 
which employ the standard test loop (Fig. 2) are made on loop receivers: sensitivity, 
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ENSI image, i-f and selectance ratios, and loop figure of merit. The test loop is connected 
to the output of the signal generator and set up 24 in. away from the receiver loop with 
the loops arranged coaxially. The overall sensitivity in decibels below 1 volt per meter is 
20 db below the signal generator attenuator reading when the input is adjusted for normal 
test output. The loop figure of merit is the difference between the sensitivity in decibels 
below 1 volt per meter and the sensitivity at the first grid measured in decibels. It is 
recorded as minus when the absolute magnitude of the overall sensitivity in decibels below 
1 volt per meter is less than the first grid sensitivity in decibels. Where no external 
antenna connection is provided other measurements than these must of necessity be made 
using the loop input. In all cases the same procedure is followed as has been previously 
outlined except that the input is specified in decibels below 1 volt per meter. Many signal 
generators operated with the standard test loop will not provide an input to the receiver 
loop of more than 20 db below 1 volt per meter when the test loop is operated under normal 
conditions. 

AUDIO FEEDBACK FACTOR. If the audio amplifier of the receiver employs negative 
feedback a measurement of overall a-f gain is made with the feedback removed, and the 
increase in gain measured in decibels at 400 cycles is expressed as the audio feedback factor. 

OSCILLATOR DRIFT. This test may be carried out as follows: The receiver is tuned 
to a secondary frequency standard or to a signal generator of known stability character- 
istics. The resultant beat produced as the oscillator drifts is measured by zero beating it 
against an audio signal from an amplifier fed by an a-f generator. Oscillator drift measure- 
ments are made at some point near the high-frequency end of each band. The receiver 
is tuned to about the right point and then turned on and as quickly as possible tuned to 
zero beat against the frequency standard or signal generator. Measurements are made 
every 5 minutes for a half hour and then every 15 minutes for 2 hours or until the oscillator 
frequency has become stabilized. If the oscillator drift is such that the beat note goes above 
the range of audibility the drift can be determined directly by zero beating with the 
signal generator for each measurement. The direction of drift can be determined by noting 
the effect on the beat note of a small change in the capacitance in the oscillator tank 
circuit—a change such as is produced by bringing a finger up close to the tuning condenser 
stator. 
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REQUIRED TEST EQUIPMENT. Standard-signal generator, standard dummy 
antenna, output wattmeter, vacuum-tube voltmeter, tuning wand, reactance meter or Q 
meter, high-resistance voltmeter, and a wattmeter. 

HIGH-FREQUENCY MEASUREMENT PRECAUTIONS. In many cases measure- 
ments cannot be made properly by substituting a vacuum-tube voltmeter for a tube or 
by placing it in parallel with a tube. The inherent capacitance of the stage may be so low 
that a change in its value may decidedly infiuence the shape of the selectivity curve. In 
such cases it is suggested that the procedure to be described later for use in making single- 
stage measurements on f-m receivers be followed. 

ANTENNA GAIN AND BAND WIDTH. The veltage gain from the antenna to the 
first grid is measured at all the test frequencies used for sensitivity measurements. The 
width of the resonance curve 6 db down is measured at three points in each wave band. 
For these measurements the signal generator output voltage unmodulated is fed into the 
receiver antenna circuit through the standard dummy antenna. The voltage developed 
across the output of the antenna circuit is measured by means of a vacuum-tube voltmeter 
to which the lead normally connected to the grid of the first tube is connected. The signal 
generator output voltage is increased by 6 db and the generator is then detuned on each 
side of resonance until the output drops to the reference value. If there are two tunable 
circuits ahead of the first tube the gain and band widths are also measured on the first 
circuit alone. Where measurements are made at high frequencies, the precautions previ- 
ously noted must be observed. 

COIL MISALIGNMENT. When there are two tunable circuits ahead of the first tube 
or an antenna and an r-f stage, the misalignment of these circuits can be measured by 
means of a reactance meter or a Q meter. For a receiver with a tuned r-f stage, the re- 
ceiver tuning condenser is set at a minimum capacitance and the standard dummy antenna 
is connected across the antenna-ground terminals of the receiver. The r-f circuit is used 
as a standard and connected across the condenser terminals of the Q meter, with a standard 
coil covering the desired range plugged into the coil terminals. The frequency of the Q 
meter is set to the high-frequency alignment point and the Q meter condenser adjusted 
for maximum Q indication. The antenna circuit is then substituted for the r-f circuit and 
the antenna trimmer adjusted to bring the antenna circuit into exact alignment with the 
r-f circuit as indicated by a maximum reading on the Q indicator. 
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After the antenna and r-f circuits have been aligned, the Q meter is set to each of the 
test frequencies and at each point the r-f circuit is connected to the condenser terminals 
and the Q meter tuning condenser is adjusted for maximum Q indication. The antenna 
circuit is then substituted for the r-f circuit and the Q meter condenser is readjusted for 
maximum Q indication. The difference between the two condenser settings is the misalign- 
ment correction in micromicrofarads between the two circuits. 

Another measurement is made using the Q meter to determine the effect changing the 
antenna capacitance has on the broadcast or long-wave band tuned antenna circuit. For 
these measurements the receiver tuning condenser is set to minimum capacitance and the 
condenser terminals of the Q meter are shunted across the tuned antenna circuit. A 
dummy antenna, identical to the standard dummy antenna except that the series capaci- 
tance element is adjustable, is set to the standard value of 200 uuf and connected across 
the antenna input circuit. The Q meter is set to 500 kc, and the Q meter condenser is 
adjusted for maximum Q indication. The antenna capacitance is then set to 60 muf, 
100 wef, 300 uuf, 500 uuf, and short circuit (infinite capacitance), and the alignment 
corrections are noted for each value of antenna capacitance. These measurements are 
usually made at 500 ke, 600 ke, 700 ke, 1000 ke, and 1400 ke for the broadcast band in 
cases where a high-inductance antenna primary is used. The 700-ke and 1000-ke points 
may be omitted if the alignment is good. If the antenna circuit employs a low-inductance 
primary, resonant above 1500 ke, the test points are usually 600 ke, 1000 ke, 1200 ke, 
1400 ke, and 1500 ke. In this case the 1000-ke and 1200-ke points may be omitted if the 
alignment is good at 1400 ke. Corresponding values are used in the long-wave band if 
one is provided. In the case of receivers intended to operate with antennas having char- 
acteristics substantially different from normal, values of antenna capacitance appropriate 
to the case are chosen instead of the above-mentioned values. 

ALTERNATIVE METHOD OF MEASURING ALIGNMENT OF PRESELECTOR 
CIRCUITS. To remove the possibility of error due to regeneration the avec line is biased 
by means of a battery, 4 !/2-9 volts will usually be sufficient. All circuits are then aligned 
in accordance with manufacturer’s service instructions. At each test frequency the mis- 
alignment of the preselector circuits can be determined by means of a ‘“‘tuning wand,’’ 
which consists of a length of insulating rod, such as hard rubber or Bakelite, to which an 
iron-dust slug and a brass slug are attached, one at each end. This is held inside or near 
each preselector coil. If the output of the receiver decreases when either the brass or the 
iron is brought near the coil, no misalignment exists. However, if either end causes an 
increase in output the misalignment is equal to the decibel increase in sensitivity. If the 
increase is caused by the brass, the coil inductance is too high; if it is caused by the iron, 
the inductance is too low. 

R-F STAGE MEASUREMENTS. The voltage gain from the grid of each r-f amplifier 
stage to the grid of the following stage is measured at all the regular test frequencies, and 
the 6-db band width is measured at three points in each band as discussed in the section 
covering antenna circuits. The output of the signal generator is fed into the grid of the 
tube incorporated in the stage being measured, and a suitable vacuum-tube voltmeter is 
connected to the lead which normally is connected to the following grid. When the signal 
generator is connected so as to replace a grid circuit which normally returns to the ave 
string it should be connected through a condenser, with a grid leak returning to the ave 
circuit so as to maintain normal bias on the tube. The grid leak is returned to the ave 
circuit even though the ave may eventually return to ground, since otherwise the measure- 
ments may be in error owing to the initial ave voltage caused by space current due to the 
emission velocity of electrons from the diode cathode. 

I-F MEASUREMENTS. Diode Stage. The diode stage gain is measured by connect- 
ing the vacuum-tube voltmeter from the diode plate to ground, thus not appreciably 
disturbing the loading on the diode transformer. The signal generator output is connected 
through the previously mentioned condenser-grid leak combination, to the last i-f grid, 
and the stage is aligned for maximum output. A measurement of the voltage gain of the 
stage is then made, and the bandwidths 6 db and 20 db down are determined. 

I-F AMPLIFIER STAGE GAIN AND BANDWIDTHS. Measurements of gain and 
bandwidths of i-f stages are made as described above except that the vacuum-tube volt- 
meter is not shunted across the grid circuit of the following tube; it replaces it. It often 
is advisable to isolate the vacuum-tube voltmeter by means of a high-resistance grid leak 
and condenser if these elements are not incorporated in the instrument. 

MODULATOR STAGE GAIN AND BANDWIDTHS. This measurement is made in 
the manner described in the above paragraph. The signal-frequency circuits should be 
set to the middle of the band and the oscillator should be operating for this measurement. 

CONVERSION GAIN. The connections for the signal generator and vacuum-tube 
voltmeter used in measuring the gain of the modulator stage are employed to measure 
conversion gain, the only difference being that the signal generator is set to the standard 
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test frequencies in each band, conversion gain being defined as the ratio of rms voltage 
of intermediate frequency at the grid circuit terminals of the first i-f transformer to the 
rms voltage of signal frequency applied at the grid of the modulator tube. The ave system 
should be disabled for these measurements. 

SENSITIVITY ON MODULATOR AND ONI-F GRIDS. The least signal input to the 
last i-f grid required to produce normal test output with the signal modulated 30 per cent 
at 400 cycles is called the i-f sensitivity. A corresponding measurement made from the 
modulator grid is called the modulator-grid sensitivity. The i-f circuits should be aligned 
in both cases. 

DETECTOR SENSITIVITY. The detector sensitivity is defined as the amplitude of 
the 30 per cent modulated rms voltage which must be applied to the detector tube to 
produce normal test output. It is of course an indication of the total a-f gain. It is usually 
determined indirectly from the measured diode stage gain and the sensitivity on the last 
i-f grid, the difference between these two quantities being the detector sensitivity in decibels 
below 1 volt. 

OSCILLATOR VOLTAGE. The oscillator voltage usually measured is the d-c voltage 
across the oscillator grid leak, as calculated from the measured resistance value of the grid 
leak and the measured current flowing through it when the oscillator is working. The 
voltage is measured at each test frequency throughout the range of the receiver. If the 
oscillator circuit necessitates some other method of measuring oscillator voltage, the pro- 
cedure followed should be noted. 
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HUM VOLTAGE. The rms value of the hum in the output of the receiver can be 
determined by means of the output meter, provided sufficient sensitivity is available, or 
by connecting the primary of a voltage step-up transformer across the primary of the 
output transformer. The voltage measured across the secondary of this transformer by 
means of a vacuum-tube voltmeter is divided by the transformer voltage ratio to get the 
required value of hum in the output circuit. The voice coil should be connected for this 
measurement. The hum should be measured for both the maximum and the minimum 
settings of the volume control. To prevent receiver noise from interfering with the 
measurement a large condenser should be connected from the plate of the last i-f tube to 
the B+ line. 

MINIMUM OUTPUT SIGNAL. This measurement is made to determine how close 
to zero output the volume control can reduce the signal. The receiver is tuned to a 1000-ke 
46-db below 1 volt signal 30 per cent modulated, and the power across the standard dummy 
load is measured. The 400-cycle filter should be used to remove hum and noise. 

CONDENSER GANG ALIGNMENT. In the case of gangs having uniform sections 
the corrections in micromicrofarads required to bring the antenna and/or r-f sections into 
alignment with the oscillator section are measured for several settings of the condenser 
gang. If these measurements exceed normal tolerances the gang can be knifed to make 
the necessary changes. 

D-C VOLTAGES. The principal d-c potentials existing at the tube elements should be 
measured using a high-impedance voltmeter, preferably an electronic voltmeter, and tabu- 
lated. These measurements are made directly after the ‘‘as received”’ measurements and 
at standard line or test voltage. 

POWER CONSUMPTION. The power consumed by the receiver at standard line or 
test voltage is measured by means of a suitable wattmeter. In the case of battery-operated 
receivers the A and B drains should be measured. 


25. F-M RECEIVER MEASUREMENTS 


Measurement of such characteristics as antenna and r-f gain and selectivity, i-f gain 
and selectivity, etc., is independent of the type of modulation which the receiver is designed 
to receive, hence the methods described above are applicable. In the case of f-m receivers, 
higher frequencies are involved; hence, the high-frequency measurement precautions to 
be described later must be observed. 

EQUIPMENT. The equipment required for routine measurements on a-m receivers 
is usually required for f-m receivers, since relatively few are designed solely for frequency 
modulation. Generally, frequency modulation is one of several frequency bands incor- 
porated in a receiver. Only measurements such as quieting and deviation sensitivity, ete., 
where f-m modulation of the signal generator is required, necessitate the use of an f-m 
-signal generator. 
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DEFINITIONS OF TERMS. See also Standards on Radio Receivers, 1947, I.R.E., 
Methods of Testing Frequency Modulation Broadcast Receivers. 

Standard Very-high-frequency Dummy Antenna. The very-high-frequency dummy 
antenna is a pair of resistors, one connected in series with each terminal of the signal 
generator, of such value that the total impedance between terminals, including the signal 
generator, is 300 ohms balanced to ground. 

Standard De-emphasis Characteristic. The standard de-emphasis characteristic has a 
falling response with modulation frequency, the inverse of the standard pre-emphasis 
characteristic, equivalent to that provided by a simple circuit having a time constant of 
75 microseconds. The characteristic may be obtained by taking the voltage across a 
condenser and resistor connected in parallel and fed with constant current. The resistance 
in ohms is equal to 0.000075 divided by the capacitance in farads. The standard de- 
emphasis characteristic is incorporated in the detector and/or audio circuits of the receiver. 

Standard Test Frequencies. The standard test frequencies used in testing f-m receivers 
are 88, 98, and 108 megacycles. If more than three frequencies are required, it is suggested 
that 93 and 103 megacycles be included. If only one test frequency is needed, 98 mega- 
cycles should be used. 

_ Standard Test Modulation. This term refers to a signal that is frequency modulated at 
400 cycles with a deviation of 30 per cent of the maximum system deviation of 75 kc. The 
deviation due to standard test modulation is therefore 22 1/2 ke. 

Maximum-sensitivity Test Input. The maximum-sensitivity test input is the least 
input signal of a specified carrier frequency having standard test modulation which, when 
applied through the very-high-frequency dummy antenna, results in standard test output 
when all controls are adjusted for greatest sensitivity. It may be expressed in terms of 
power in decibels below 1 watt, in decibels below 1 volt, or in microvolts. Generally it 
is advisable to use a 400-cycle filter to remove the noise from the output. 

Maximum-deviation-sensitivity Test Input. The maximum-deviation-sensitivity test 
input is the least input signal of a specified carrier frequency having full rated system 
deviation which, when applied to the receiver through the very-high-frequency dummy 
antenna, results in 10 per cent distortion in the output when the volume control is adjusted 
to standard output. It is expressed in decibels below 1 watt, in decibels below 1 volt, or 
in microvolts. 

Deviation-sensitivity Test Input. The deviation sensitivity test input is the minimum 
deviation at 400 cycles of a carrier of 60 db below 1 volt required to give maximum undis- 
torted output when all controls are adjusted for greatest sensitivity. The deviation sensi- 
tivity is expressed in kilocycles or as a percentage of maximum full system deviation. 

Quieting-signal-sensitivity Test Input. The quieting-signal-sensitivity test input is 
the least unmodulated signal input which, when applied to the receiver through the very- 
high-frequency dummy antenna, reduces the internal receiver noise to the point where the 
test output rises 30 db when standard test modulation is applied to the input signal, the 
volume control being adjusted to avoid audio overload. It is expressed in decibels below 
1 watt, in decibels below 1 volt, or in microvolts. 
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The setup for overall performance tests is the same for f-m receivers as for a-m receivers, 
assuming that in each case an appropriate signal generator and standard dummy antenna 
provide the test signal. For measurements on f-m receivers a resistor having a value equal 
to the input impedance for which the receiver was designed may be used as a dummy 
antenna. If the receiver employs a balanced input, half the resistance is used in each side. 
The conditions set down on p. 11-43 regarding receiver alignment apply here also. 

OVERALL SENSITIVITY. The sensitivity-test input for the maximum sensitivity, 
the maximum deviation sensitivity, the quieting-signal sensitivity, and the deviation 
sensitivity should be measured at 3 to 6 frequencies. 

IMAGE AND I-F RATIOS. The procedure for determining these characteristics is the 
same as for a-m receivers. The maximum-sensitivity test input should be used in deter- 
mining the image and i-f sensitivity. 

OUTPUT AND AVC CHARACTERISTICS (LIMITER CHARACTERISTICS). This 
measurement corresponds to the output and ave characteristics of a-m receivers, and the 
same procedure is followed in obtaining the data. In the case of f-m receivers, the modula- 
tion percentages used are 30 per cent (22 1/2 kc) and 10 per cent (7.5 ke). The output 
power versus signal-input voltage is determined at 98 megacycles for maximum setting 
of the volume control. The limiter or ave characteristic is measured with 30 per cent 
modulation at a volume control setting which gives 6 db less than the maximum output. 
The output versus input for zero modulation is also determined. 
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HARMONIC DISTORTION. The measurements of harmonic distortion required for 
an f-m receiver are as follows: per cent harmonics versus per cent modulation and per 
cent harmonics versus signal-input level and per cent harmonics versus output. 

OVERALL ELECTRICAL FIDELITY. The overall electrical fidelity is measured at 
98 megacycles using a signal input 60 db below 1 volt, 30 per cent modulated. The curve 
thus obtained should normally be a close approximation to the standard de-emphasis curve 
for f-m receivers assuming no pre-emphasis in the signal generator. If the receiver is multi- 
band, the effects of the tone controls will be shown by the fidelity measurements on the a-m 
bands; otherwise, additional data should be taken to show these effects on the fidelity. 

I-F AMPLIFIER CHARACTERISTICS. The overall selectivity of the i-f amplifier 
from the modulator grid to the first limiter grid or, if limiters are not employed, to the 
plate of the detector driver tube, is measured after the individual stage gain and selectivity 
have been measured. The level at the limiter grid should be that required for quieting 
the receiver. Where ave voltage is applied to i-f amplifier stages, the overall i-f amplifier 
selectivity characteristics should be measured for different levels of signal input to the 
modulator grid in order to show the detuning effect due to the change in tube input capaci- 
tance with a change in grid bias. Typical input levels are 80 db, 60 db, and 40 db below 1 
volt. The ave voltage in the circuit should be held at the center frequency level by means 
of a battery supply. 
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REQUIRED TEST EQUIPMENT. Standard-signal generator, standard dummy 
antenna, output wattmeter, vacuum-tube voltmeter, tuning wand, high-resistance volt- 
meter, and wattmeter. 

HIGH-FREQUENCY MEASUREMENT PRECAUTIONS. It will usually be found 
impracticable in making stage gain measurements on f-m receivers to substitute a vacuum- 
tube voltmeter for a tube or 
to place it in parallel with a 
tube. The inherent capaci- 
tance of the stage is usually so 
low that accurate measure- 
ments cannot be made if the 
measurement setup appreci- 
ably changes its value. A 
preferred method is as follows 
(Fig. 3): A resistor of approxi- 
mately 500 ohms is substi- 
tuted for the normal plate 
load of the tube which the 
vacuum-tube voltmeter 
ViT.V. Ms would replace at lower fre- 
quencies. Under most condi- 
tions it is inadvisable to shunt 
this resistor across the normal 
plate load. The low-potential 
end of the resistor is by- 
passed directly to ground, 
: keeping lead lengths as short 
AV.C. B+ as possible. The signal gener- 

B ator is then connected to the 
grid of the tube, the normal 
grid load being disconnected, 
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‘ antenna ex, o is connected across the resis- 
; ® tor in the plate circuit. The 
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Under these conditions it will be convenient to select as a reference output voltage that 
value which corresponds to a signal on the grid of 10 db below 1 volt. It is important that 
the voltmeter have sufficient sensitivity to make possible the selection of an operating 
point which can be obtained without danger of grid current due to high signal levels on 
the grid. After the operating point has been chosen, the grid of the tube can be connected 
back in the circuit, the signal generator connected to the grid of the preceding tube, and 
performance measurements made without upsetting the grid loading in the stage being 
measured. 

ANTENNA GAIN AND BANDWIDTHS. The measurement of antenna gain and 
band width to provide data representative of those secured under actual operating condi- 
tions requires considerable care. If the first tube is a pentode r-f amplifier, antenna gain 
and band widths may be measured by placing the voltmeter across a resistive plate load 
of a few hundred ohms and then calibrating the tube as previously described. The data 
may then be secured without upsetting actual operating conditions. 

If the antenna secondary feeds into the grid of the converter tube, it may not be possible 
to measure antenna gain separately. In such cases, it is usually possible to measure the 
gain from the antenna terminals to a resistive load in the plate circuit of the i-f amplifier 
tube. In this way the sum of the antenna gain and conversion gain can be obtained. If 
it is possible to measure the conversion gain separately, the antenna gain can be obtained 
indirectly by subtraction of the conversion gain. 

R-F GAIN AND BANDWIDTH. The method of measurement of r-f gain, like that of 
the measurement of antenna gain, depends to a great extent on the type of circuit. In 
some cases, the voltmeter can be shunted across the grid of the modulator tube to enable a 
measurement of r-f gain to be made. In others, it is necessary to measure the r-f gain plus 
the conversion gain as has been discussed under the immediately preceding heading. It 
is always necessary to exercise care to make sure that the loading on the r-f tuned circuit 
under measurement conditions is the same as that under actual operating conditions. 

CONVERSION GAIN. Conversion gain measurements where a pentagrid converter 
is used can generally be made by placing the vacuum-tube voltmeter across a resistive 
load in the i-f plate circuit as has previously been discussed for antenna and r-f gain 
measurements. Where a pentode modulator is used with both oscillator and signal voltages 
on the same grid, it is necessary to measure conversion gain indirectly. The antenna gain 
plus conversion gain or r-f gain plus conversion gain can be measured. The antenna gain 
or r-f gain, as the case may be, can then be measured and subtracted to give the conversion 
gain. As usual, in making measurements at these frequencies, care must be exercised so 
as not to allow the measurement setup to change the loading on the antenna coil. 

I-F GAIN AND BANDWIDTH. The measurement of i-f gain and band width at the 
standard intermediate frequency of 10.7 megacycles can best be made by placing the 
vacuum-tube voltmeter across a resistive load in the plate circuit of the tube following 
the stage on which measurements are being made. The tube can then be calibrated and 
the measurements made without upsetting actual operating conditions. 

REJECTION OF A-M BY F-M DETECTOR. No measurement has yet been standard- 
ized for this test. However, Fig. 4 shows one method for setting up equipment in a way 
which will provide useful pay 
information regarding the ye astte 
ability of an f-m detector | tube 
to reject amplitude modu- 
lation. Imperfect a-m re- 
jection at any signal input 
level will result in the 
“bow-tie’”’ pattern. For 
this test the f-m signal 
generator must be capable 
of being simultaneously 
amplitude- and frequency- 
modulated. The a-m and 
f-m frequencies should be 
asynchronous. It is sug- 
gested that the f-m fre- maar a a 
quency be approximately Phase [1 meg. 
100 cycles and that the correcting 
a-m frequency be approxi- "°*Work | 1 
mately 400 cycles. L 1000HHf} a : 

OSCILLATOR DRIFT. dam Mrciligeecrs 


The frequency drift of an fyq. 4, Equipment Set-up for Test of A-m Rejection in F-m De- 
f-m receiver oscillator cir- tectors 
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cuit may be determined by employing the equipment setup shown in Fig. 5. The procedure 


is as follows: ' 
1. Tune the receiver to the 100-megacycle signal from the crystal oscillator. 


2. Adjust the frequency and level to 
Signal 
generatcr 


produce zero beat in the output. 
3. Maintain zero beat by adjusting the 
frequency of the signal generator. Note 
oi frequency drift versus time until the re- 
ceiver has stabilized. 
MISCELLANEOUS MEASURE- 
MENTS. There are several character- 
istics for which measurement procedures 
have not yet been standardized. These 
dug, include oscillator radiation, effect of de- 
“" tuning, two-signal interference tests, tests 
on built-in antennas, tests for the effects 
of downward modulation, and others. 
The measurement of such characteristics is important, but a lack of standardized pro- 
cedures precludes the possibility of discussion at this time. 
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Fic. 5. Oscillator Drift Measurement Set-up 
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WAVE ANALYSIS 


By E. Peterson 


Some of the terms applied to devices which isolate, measure, and display the component 
amplitudes of complex electric waves include wave, harmonic, and spectrum analyzers; 
distortion and intermodulation meters and analyzers; and spectrographs. 


28. WAVE CHARACTERISTICS 


Waves to be analyzed may have components located at discrete frequencies or dis- 
tributed more or less generally throughout frequency bands. Discrete components are en- 
countered in studies of the response of a non-linear circuit or circuit element to the action 
of periodic waves. The resultant modulation products can be localized and measured 
individually or, in some cases, collectively. Band distributions on the other hand are 
found in speech and music and sometimes in noise. There, where the spectral distribution 
changes with time, it is difficult to keep track of individual components, and measurements 
are conveniently made of energies within bands of definite extent. 

DISCRETE FREQUENCY DISTRIBUTIONS. Discrete or single frequency analysis 
is used in a variety of fields such as noise reduction, machinery noise, power interference, 
and modulation studies. Of these the last mentioned is the most important and the most 
demanding. Modulation studies are of interest throughout the frequency range occupied 
by the various communication services, and the amounts of power associated with them 
vary greatly in the different applications. Considering extreme cases, the power associated 
with modulation products in long loaded cables and in multichannel carrier amplifiers may 
be comparable with resistance noise in an audio band, while modulation products in high- 
power radio transmitters may amount to kilowatts. 

The frequency of any modulation product is expressible in terms of the fundamental 
frequencies which produce it. If as example there are two fundamental frequencies ft 
and fo, the frequencies of all products are included within the expression |mfi + nfo). 
Here m and n are positive integers, or zero. Products may be distinguished by their 
order, which is the sum of m and n. Thus the components 2f1, 2f2, |fi + fo| are all of the 
second order; 3fi, 3f2, |2/A + fel, | + 2f| are all of the third order. 
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Modulation product amplitudes may be expressed in terms of the impressed waves or 
fundamentals producing the modulation, or in terms of a significant component, using 
arithmetic or logarithmic (decibel) scales for the ratios. Whereas in many detailed studies 
each modulation product of importance is specified individually, in others, in which an 
idea of the total modulation is required, the rms value of all unwanted products within a 
certain frequency band is specified. Thus, in one method of testing distortion in a radio 
link, a sine-wave signal, preferably at a low audio frequency, is impressed upon the trans- 
mitter. At the receiver output this component is removed by a filter or bridge type of 
suppression network. The rms value of all remaining products in the audio band is 
measured by means of a thermocouple or suitable rectifier. When expressed as a per- 
centage of the rms fundamental in the normally terminated circuit, the ratio is termed the 
distortion factor. 

When the modulation of a particular circuit element is under consideration, and is to 
be expressed in a way which would be applicable with the element connected in any given 
circuit, it is customary to specify the equivalent (modulation) generator emf. This is 
the voltage which, when inserted in the circuit made up of linear elements, gives rise to 
the observed distortion products. It is used ordinarily of elements only slightly non-linear. 

._ The ratios of modulation products to their fundamentals which analyzers are used to 
evaluate fall into two ranges of values. One applies to products falling within the frequency 
range constituting quality impairment of the originating channel. The other characterizes 
products which fall outside the transmitted frequency range, constituting interference 
with other channels. Examples may be drawn from the audio, carrier, and radio broadcast 
fields. Thus the requirements on a system transmitting speech are usually that the dis- 
tortion products be at least 20 to 40 db down on the wanted components in the normal 
channel (10 to 1 per cent in amplitude, or 1 to 0.01 per cent in power). Interfering products 
in other channels are restricted to smaller amplitudes. In multichannel carrier telephone 
amplifiers the figures range from 40 to 80 db down; in multichannel carrier grouping filters 
which serve to separate transmitted and received currents the figures range from 70 to 
120 db down. In certain radio transmitters the products appearing in other channels are 
restricted to something of the order of 70 db down on the fundamentals. Corresponding 
figures for elements or units which make up a system may be more stringent than those 
specified for the system as a whole, especially where the modulations in several elements 
or units contribute to the total. 

TEST WAVES. In the analysis of speech, music, or noise, or of the output waves of 
such devices as oscillators and harmonic producers, the questions involved are those of 
isolating and measuring the components. In establishing the performance of circuits or 
of circuit elements, however, the additional problem arises of specifying and of supplying 
the wave to be used for test purposes. 

Generally speaking, the input wave should permit an indication of the performance 
of the apparatus to be tested, approximating as closely as possible the conditions of actual 
use. Where the apparatus is subjected in use to an impressed wave of simple form, com- 
paratively little difficulty arises since the wave can be readily reproduced by oscillators 
and filter networks. On the other hand, the apparatus may be subjected to signal waves 
which are highly complex in nature, such as those of speech. Such waves may require 
comparatively elaborate and cumbersome setups for the measurement of modulation 
products, especially where the fundamentals and the various products overlap in the fre- 
quency spectrum. 

To facilitate analysis, the complex signal waves are replaced by comparatively simple 
ones. At the present time one of two types is ordinarily used according to the problem 
encountered—a pure sine wave, or a complex wave consisting of two sine-wave components. 
To prevent interaction of the two components before reaching the circuit under test, tuned 
circuits, filter networks, or bridge networks may be employed. The amplitude of the 
testing wave is chosen so as to traverse much the same region of the non-linear character- 
istic as does the complex signal wave for which it is substituted. In some cases the test 
wave is made to have the same rms value, and in others the same peak value, as the normal 
signal. The test frequencies are so selected that, together with their important modulation 
products, they fall in a frequency region of interest. 

To illustrate the use of single- and two-frequency test waves consider the investigation 
of a narrow band amplifier passing frequencies, let us say, from 100 to 110 ke. If a sine 
wave of frequency 105 ke is impressed for test purposes then the harmonics are 210 ke, 
315 ke, and so on, all harmonics falling outside the transmitted band and being greatly 
attenuated. A measurement of distortion within the pass band would yield nothing. If, 
on the other hand, instead of applying a single frequency, we impressed two frequencies 
at 105 and 106 ke, say, the harmonics would fall outside the band and be attenuated as 
before, but the third-order products at 104 and 107 ke would lie within the band, as indi- 
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cated in the spectrum (Fig. 1). These would furnish a useful indication of the non-linear 
distortion which a single-frequency test wave could not provide. Another example may 
be drawn from the same vacuum-tube amplifier. It may be shown that the amplitudes 
of the above-mentioned third-order products depend upon the impedance offered to second 
orders, one of which is the difference frequency (1 ke in the above example). This imped- 
ance may vary widely in different designs without affecting the normal transmission or 
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Fig. 1. Output Wave Spectrum of Narrow-band Amplifier with Frequencies of 105 and 106 ke 
Impressed 


harmonic production. Figure 2 shows the results of measurement of third-order modula- 
tion as a function of the frequency difference between the two input components. No indi- 
cation of this significant effect would be revealed by a single-frequency testing wave. 

Another instance in which the two-frequency test wave is used is in the measurement. 
of distortion produced by ferromagnetic-core coils. There only the main hysteresis loops 
are called into play when a sinusoidal magnetizing force is applied, but with complex 
waves of magnetizing force a different characteristic is involved since subsidiary loops 
appear. 

To exemplify the use of the single-frequency test wave, consider a vacuum-tube amplifier 
supplied with power obtained from the 60-cycle line. There exists a certain amount of 
modulation of each signal component with the 60 cycles and its harmonics in the amplifier. 
To measure this effect a single-frequency test wave will serve. 

BAND FREQUENCY DISTRIBUTIONS. Band frequency analysis involves measure- 
ment of energies or amplitudes in the sub-bands into which the main band is divided. It 
is usually employed for waves such as room noise or windage noise from certain types of 
machinery, which contain no promi- 
nent discrete frequency components, 
and for waves which contain discrete 
frequency components varying rapidly 
in both frequency and amplitude, such 
as speech and music. Band frequency 
analyses have also been used for waves 
consisting largely of discrete frequency 
components when it is unnecessary to 
know the precise frequencies of the in- 
dividual components. Examples come 
up in studying the effect of vibration- 
absorbing mountings and of the acous- 
0 50 100 150 200 tical treatment of rooms for the reduc- 

Difference Frequency tion of machinery noise. In the com- 
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circuit noise are useful in determining 
requirements to be placed on systems for reproduction of the input waves with the 
desired fidelity and freedom from interference. For testing multichannel carrier systems, 


the loading effect of many talkers has been simulated by introducing bands of resistance 
noise. 
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29. GENERAL ANALYZER REQUIREMENTS 


The requirements which an analyzer is called upon to satisfy in general are those ordi- 
narily imposed upon any piece of measuring apparatus: that it furnish an indication of the 
quantity sought, within certain limits of accuracy and of precision, without disturbing the 
essential performance of the circuit to which it is applied. 
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INPUT COUPLING. Connection of the analyzer to the circuit under test without 
altering the essential circuit performance is accomplished by assigning a suitable impedance 
to the input circuit of the analyzer. Three circuit arrangements have been used for this 
purpose. These are the high-impedance or voltage-analyzer connection, the low-impedance 
or current-analyzer connection, and the termination. In the first the analyzer is made to 
have an impedance much higher than that of the circuit across which it is shunted. In 
the second, the analyzer is made to have an impedance much smaller than that of the 
circuit in series with which it is connected. In the third, the analyzer is made to have a 
definite resistance to replace a resistance of the same value in the circuit studied. It will 
be observed that, under these conditions, insertion of the analyzer will normally have 
but little influence upon the normal functioning of the circuit studied, since all three may 
be made balanced or unbalanced to ground as desired. Figure 3 shows connections to a 
resonance type of analyzer as an example. 
For current analysis, connection is made to 
point a and for voltage analysis to point b 
when the resistor R ismade large. For use as 
a termination R is given a suitable fixed 
value to fit the circuit or line to which it is 
' connected, usually 600 or 72 ohms. The re- 
sistance 7 is usually made less than the effec- 
tive resistance of the tuned circuit to avoid | 
reducing selectivity and may be adjusted a b 
for the required gain. 

A preferable connection for voltage analy- 
sis, shown in Fig. 3b, usually permits a 
greater fraction of the desired input voltage Cx) 
component to be transmitted while main- Si 2 eae’ 
taining a high input impedance. Another TT kes 
connection suitable for voltage analysis, 
particularly useful over wide frequency 
bands, employs a probe including a con- 
denser-resistance divider (Fig. 3c). Its in- Fig, 3. Analyzer Input Circuits Illustrating High- 
put impedance is that of a 1- or 2-yuyuf ca- input Impedance abs Len nput Impedance Con- 
pacitance shunted by a resistance of the 
order of 1 megohm. To make transmission flat with frequency, the two time constants 
C,R; and C2R2 must be made equal. 

RESOLUTION OF COMPONENTS. The analyzer band should be wide enough to 

permit easy tuning-in of the desired component, including an allowance for variations in 
frequency of the selected component. At the same time it must be narrow enough to 
select a specific product. The equivalent band width of a selective circuit may be defined 
as the band width of an idealized filter having a constant loss in the pass band equal to 
the minimum loss of the circuit in question, infinite loss outside the pass band, and passing 
the same amount of energy from a continuous constant-energy spectrum applied to the 
input. Analyzers for the study of low-frequency machine noise require a band width from 
3 to 5 cycles. Those for telephone circuit noise caused by induction from neighboring 
power circuits require an equivalent band width of 20 to 30 cycles at least. For speech 
and for general types of noise, band widths of 45 to 300 cycles are appropriate. For inter- 
modulation studies of discrete components, the bands used range from a cycle or so at low 
frequencies to several kilocycles and more at high frequencies. 
+ Similarly the frequency discriminations required vary widely in different cases. In 
fixed-band analyzers used for speech, discriminations of 20 db or so against components 
located at the centers of neighboring bands are sufficient to provide useful information. 
Other a-f analyzers usually require discriminations of the order of 25 to 50 db against 
components 60 cycles from the tuned frequency. 

The wide divergence in requirements has led to the development of a number of different 
forms of analyzers, each suited to a limited class of work. 

MEASUREMENT AND DISPLAY OF SELECTED COMPONENTS. With the 
simpler manually operated forms of frequency analyzers, the point-by-point method of 
analysis is employed. Here, for the discrete frequency analysis of a steady wave, the 
frequency spectrum is explored point by point over the range of interest, and whenever a 
component of importance is located its frequency and amplitude are observed. For band 
frequency analysis of a periodic wave, measurements of the energy in each of a number of 
adjacent sub-bands are made successively without reference to the distribution within the 
sub-band. In analyzing waves of short duration which can be repeated a large number of 
times during the exploration of the frequency spectrum, a similar procedure is followed. 
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The net result of an analysis in which the several components are examined individually 
is usually presented’ as a meter deflection. To permit the use of simple d-c meters the 
selected wave feeds a thermocouple or a rectifier of the vacuum-tube or copper oxide type. 
The thermocouple is somewhat sluggish in operation, and the process of tuning accordingly 
must be slowed sufficiently to permit the products to produce an observable deflection. 
The slow response is advantageous where the smoothing out of rapid fluctuations in the 
selected wave is desired. Deflections are closely proportional to the square of the heater 
current. This is a valuable property in estimating energies in band analysis. Tube and 
varistor circuits may be made much more rapid in operation and may be given a wide 
range of desired relations between input amplitude and deflection by suitable choice of 
operating potentials and circuit parameters. For high rectifying gain a small negative 
bias may be used. For greater precision a large negative bias may be used since then a 
small input change may be made to yield a large change in rectified output. By the same 
token, however, an interfering component produces a correspondingly large change in 
rectified output. : 

Where a graphical record of wave analysis is to be had in a short period of time, one of 
several types of recording frequency analyzers is employed. These recording analyzers 
are designed to perform automatically the same operations performed manually with the 
simpler devices, including the plotting of wave component values. Recording analyzers 
of this type may be used as well for the analysis of non-periodic waves of short duration 
which can be repeated so that the effect of a steady wave is obtained. 

Thus in the analysis of speech sounds and of single tones from musical instruments, or 
of other non-steady waves which are not readily reproducible, with devices employing the 
point-by-point method, the wave may be recorded and repeatedly reproduced. Finally, 
non-steady waves may be analyzed directly without the necessity of recording them by 
means of devices giving a visual indication of the complete energy spectrum of the wave 
and capable of showing the rapid changes in spectrum which are characteristic of speech 
sounds and some musical tones. A photograph of cathode-ray patterns or a recording on 
electrically sensitive paper of the indications of such an analyzer can be made for a per- 
manent record of the analysis. These arrangements are discussed in article 31, p. 11-65. 


30. METHODS OF WAVE ANALYSIS 


The earliest methods used for wave analysis were based upon observed wave forms— 
observed directly by means of an oscillograph, or synthesized point by point from syn- 
chronous contactor measurements. Wave components are deducible from the wave form 
by application of Fourier series, which expresses the amplitude of any component as an 
integral. Evaluation of the integrals is customarily handled by a time-consuming point- 
by-point calculation, for which tables and schedules have been formulated to facilitate the 
work. This method is useful when only harmonics of a single frequency are present in the 
wave to be analyzed; when the wave has more than one fundamental, the computation 
ordinarily becomes too involved to be useful, since a multiple Fourier series must be em- 
ployed. For harmonics of a single frequency which are not too small in amplitude, the 
accuracy of the determination depends largely upon the accuracy with which the oscillo- 
gram is read, the number of points included in the analysis, and the order of the harmonic. 
Because of its limitations, the computational method has been superseded by methods of 
direct measurement, wherever possible. 

The first direct method of analysis was that of Pupin, in which a series-resonant circuit 
was used to select a component of interest, and amplitude was deduced from the indication 
of an electrostatic voltmeter connected across the condenser of the tuned circuit. Discrim- 
ination by means of simple tuned circuits is employed in certain types of analyzers of the 
present day, their sensitivity and flexibility being greatly increased by means of vacuum- 
tube amplifiers. Selectivity and sensitivity are improved by having several tuned circuit 
and amplifier units in cascade, and by substituting filter networks for the simple resonant 
circuit. A different way to improve selectivity involves the use of a negative resistance 
circuit to reduce tuned circuit losses. 

RESONANCE ANALYZERS. Variable Tuned Circuit. The simple form of current 
analyzer shown in Fig. 4 is useful where a high degree of frequency selectivity is not re- 
quired. It is made up of four units: coupling unit, frequency-discriminating network, 
amplifier, and indicator. The tuning unit precedes the amplifier to discriminate against 
other components of the input wave. This procedure reduces modulation in the amplifier, 
which may introduce components of the same frequencies as those to be measured. 

The tuning unit consists of a simple series-resonant circuit with the input wave intro- 
duced through a small resistor. The amplifier input is taken across the condenser when 
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the input fundamentals are of frequencies higher than the frequency of the component 
being measured. When the fundamentals or other possible interfering components are at 
lower frequencies the amplifier input is connected across the coil for greater discrimination. 
The amplifier is made responsive over the 
frequency range of interest; it is usually of 
the resistance-capacitance coupled type. 

To increase the selectivity over that 
available in the simple tuned circuit, several 
discriminator-amplifier units are used in 
cascade. Efficient coupling between units 
is provided by step-down transformers. 
Here the signal level must be kept low 
enough to avoid appreciable modulation of 
the fundamentals in the early amplifier 
stages. A preferable arrangement from this fy¢, 4, Resonance Analyzer Circuit with Input 
standpoint would be to locate as much of Arranged for Current Analysis 
the necessary frequency discrimination as 
possible ahead of the amplifiers. For greater discrimination than simple tuned circuits 
can conveniently afford, use is made of filter networks, which, being much more cumber- 
some and less flexible in adjustment, are usually employed where only a small number of 
fixed frequencies are to be measured. 

The substitution method is currently used for evaluating component amplitudes since 
the loss of the tuned circuit, and therefore 
the analyzer response, varies with fre- 
quency. The connections are shown in 
Ue input. Fig. 5, the switch being used to connect the 
analyzer to either the test or the standard 
circuits. The standard circuit includes an 
oscillator adjustable in frequency, a vac- 
Freton substitution’ (ethod!tor Evaluating Coma UU ume, volameter (or thermocouple, and 

ponent Amplitudes associated meter to indicate the standard 

input, and a calibrated attenuator to vary 

the input amplitude to the analyzer. The analyzer input impedance is fixed at a value 
at which the attenuator is properly terminated. 

The test procedure consists in connecting the analyzer to the unknown, tuning in the 
desired product, and adjusting the analyzer gain until a suitable deflection is obtained on 
the output meter. The switch is then thrown to the standard side, and the standard 
oscillator frequency is 12 


STANDARD (~) 
ANALYZER 


varied until it coincides 18 14 ar 
with the analyzer tuning. 11 —s = 
The attenuator is then | 
varied until the same de- 1° | 
flection is obtained as be- 5 
fore. The frequency of » 
the unknown component £8 
may then be found from = 
the frequency calibration 97 
of the standard oscillator g é { 
or of the analyzer, and §& 
the amplitude is com- ‘a5 
puted from the voltmeter ¢ 
reading and attenuator 54 
setting. L 
Another form of reso- 7 Pa 
nance analyzer with shunt 2 +—4 
tuning in the plate circuits | 
of two amplifier stages 1} ‘ 
has been used extensively 0 
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frequency harmonics and 
of induction from power 
circuits. Voltages from 5 X 107 to 50 are measurable in the range up to 3 ke with an 
accuracy of +5 per cent. The discrimination of such an analyzer varies with frequency, 
being about 40 db at 60 cycles from the tuned frequency when tuned to 180 cycles, and from 
24 to 32 db 60 cycles away when tuned to 3000 cycles. Figure 6 gives an example of an 


Fia. 6. Spectrum of Noise on an Open-wire Telephone Circuit 
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analysis of telephone-circuit noise caused by induction from power circuits. Approximately 
1 hour is required to obtain with this apparatus the amount of data shown in the figure. 
The speed and ease of operation of the more modern analyzers have resulted in supplant- 
ing the resonance type for all but special purposes. 
Fixed Bands. A decidedly different form of analyzer using direct frequency selection 
avoids the need for manual tuning to each frequency of interest by means of a bank of 
fixed contiguous band-pass filters. Fourteen filters are used in one particular model to 
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cover the frequency range from 30 to 12,000 cycles in approximately logarithmic steps. 
The filters are connected in parallel at the input side and introduce a loss of about 8 db at 
the crossover points and greater than 70 db over most of the frequency range beyond the 
transmission band. A flux meter is used to integrate the sub-band output over a 15-second 
interval for the measurement of average amplitudes, while a series of gas-filled discharge 
tubes with associated relays and electrical counters measures peak magnitudes over a 
54-db range in steps of 6db. These measurements are made in one band at a time although 
both average and peak measurements of the total spectrum may be made simultaneously 
with the band measurements. Peak measurements in 1/g-second intervals are made over 
as long a time as desired. Figure 7 shows amplitude-frequency distributions for con- 
versational speech for male and female voices. 

Another type of fixed band analyzer has been used to measure distortion generated in 
non-linear circuits by complex input waves. Here the input wave is made to pass through 
a narrow band-elimination filter before it enters the circuit to be tested. A narrower band- 
pass filter is used for the analysis, with its pass band located within the band eliminated 
at the input. By this procedure the band-pass filter output has had the fundamental 
components eliminated, so that it constitutes a measure of distortion. 

Feedback Type. A third means of providing frequency discrimination is particularly 
useful for the analysis of discrete components in sub-audio- and audio-frequency ranges. 

It consists of a negative feedback amplifier 

pany ik) incorporating a bridge type of network in 
RECTIFIER its feedback path. One form shown in Fig. 

8 uses a parallel T network made up of 
capacitances and resistances which provides 
high suppression at a single frequency. At 
this frequency therefore the full amplifier 
gain is effective. At frequencies removed 


ze ; : __ from the balance point, transmission 

asks beepng irs Seo ae Nee Capaci-’ through the feedback network acts degener- 
as . Ww < ‘a . . . 

Lie aack ha e #requency atively to reduce the amplifier gain. By 


insertion in the feedback path, therefore, 
the null of the network is transformed into a transmission maximum through the amplifier 
circuit. The network null may be conveniently varied in frequency by ganging the three 


resistors. Its selectivity remains constant on a percentage basis throughout the band, 
independent of frequency. 
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The following figures on frequency discrimination apply to a two-stage amplifier with a 
null set at 25 cycles. Roughly 12 per cent away from the null, the discrimination is 10 db; 
20 per cent away it is 16 db, and in the limit approaches 45 db down on the maximum 
transmission. 

Transmission of the amplifier proper is made substantially flat over the maximum range 
of analysis. Beyond that, the gain and phase around the feedback loop are arranged to 
avoid regeneration and oscillation, as in feedback amplifiers generally. 

SUPPRESSION AND INTERMODULATION ANALYZERS. Although these two 
analyzer forms are not related in general, it will be convenient here to take them together. 

A simple type of suppression analyzer previously mentioned evaluates the rms sum of 
the harmonics generated with usually a sinusoidal signal impressed. The fundamental 
may be suppressed through the action of a resonant bridge, or a suppression filter, or a 
twin-T network. The output includes any noise and interfering components which may 
be present. If the harmonics are comparable in amplitude to these components, the 
harmonic distortion proper cannot be found directly by this method. 

Another form of suppression analyzer uses special procedures which are applicable to 
the detection of a carrier and its two sidebands, as practiced in radio broadcast reception. 
These procedures form the basis for a method of measuring intermodulation between two 
- frequencies in the audio band, one low (40 to 100~) and the other comparatively high 

(1 to 12 ke). The two tones are supplied to the system under test, and the output is filtered 
to suppress the low-frequency tone. The residual wave is then treated as a carrier accom- 
panied by the two sidebands to determine the extent to which the higher-frequency com- 
ponent is modulated by the lower, as described below. 

Measurement of Percentage Modulation. The special procedures referred to may 
involve the cathode-ray oscillograph or the linear rectifier. If the modulating signal is 
applied to the horizontal deflection plates of the oscillograph, and the r-f output consisting 
of the carrier and its two 
second-order side frequen- 
cies is applied to the vertical 
deflection plates, then pat- 
terns like those shown in 
Figs. 9a and 9b are obtained 
on the oscillograph screen, 
according to the phase shifts (a) (b) (c) 
in the system. These pat- Fie. 9. Modulated Wave Patterns 
terns yield the percentage 
modulation from the lengths of the minimum and maximum ordinates indicated. One 
hundred per cent modulation its obtained when the wave envelopes go to zero, and greater 
modulations are indicated by intersection of the envelopes. When a linear sweep circuit 
controlled by the modulating signal is connected to the horizontal deflection plates, rather 
than the modulating signal itself, then Fig. 9c is obtained. 

Knowledge of the percentage modulation permits the second-order sideband amplitude 
(KP/2 in the figure) to be calculated accurately only when higher-order sidebands of the 
carrier are negligibly small. In that event the envelopes of Figs. 9a, 9b, and 9c are respec- 
tively linear, ellipsoidal, and sinusoidal. Otherwise the wave envelopes may be analyzed 
to yield the amplitudes of the second- and higher-order sidebands. 

Another method for determining percentage modulation, generally used to evaluate 
intermodulation, employs a linear rectifier (envelope detector) to detect the modulated 
carrier wave with a minimum of audio distortion. The percentage modulation is then given 
as 100 times the ratio of the peak audio signal output to the d-c component. Where 
higher-order products are present, they may be evaluated by resonance or heterodyne- 
type analyzers. i 

HETERODYNE ANALYZERS. Dynamometer. Another method of analysis first 
used by Descoudres employs a dynamometer, in which the unknown wave and a standard 
wave of known frequency, amplitude, and phase are respectively connected to the two 
coils of the dynamometer. Since the dynamometer deflection is proportional to the product 
of the currents in the two coils, a constant deflection is obtained when the frequency of 
the sinusoidal standard is made equal to that of a component of the unknown wave. The 
magnitude and phase of the component are then found from a calibration when the stand- 
ard phase is adjusted for maximum deflection. To determine the magnitude without 
regard to phase, the standard frequency is offset by a fraction of a cycle from that of the 
component under measurement, and the maximum swing is observed. The method is 
limited to comparatively low-frequency work. 

From one standpoint the dynamometer may be regarded as fulfilling three functions: 
modulating the unknown with the standard wave, filtering the beat frequency output, and 
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indicating the amplitude of the difference frequency component. Improvement in fre- 
quency response and in sensitivity has been obtained by replacing the dynamometer by a 
vacuum-tube modulator, and further increase in sensitivity is obtained again by amplifying 
the beat frequency output. As an indication of the component to be measured, use may 
be made of either the lower sideband or the upper sideband formed by the beating oscillator 
and the component under investigation. To select this product, mechanical, electrical, or 
piezoelectric filters and networks are conveniently located in the frequency range. These 
replacements of the functions discharged by the dynamometer result in the most widely 
used of all analyzers, the modern heterodyne type. 

A particularly simple form of heterodyne analyzer has been adapted to the measurement 
of products not too small in relative and absolute amplitudes. In this arrangement no 
amplifier is used, and the mechanical movement of a meter connected in the plate circuit 
of a modulator tube serves to provide frequency discrimination as it does in the dynamom- 
eter. 

General Tube Modulator Type. The heterodyne analyzer possesses a number of advan- 
tages over other types which have brought it into wide use. To mention the outstanding 
ones, first of all it uses a fixed discriminating circuit which is readily made highly selective 
and stable, and takes up little space. Next, the tuning-in of a desired band requires but a 
single adjustment—the frequency of the heterodyning oscillator. Finally the response can 
be made flat over an extended frequency range so that the substitution method of evaluat- 
ing amplitudes is not required. Relative levels can be taken directly as the difference 
between attenuator settings. 

Essential units of a representative model are shown in the schematic of Fig. 10. The 
principal elements comprise coupling unit, modulator, beating oscillator, filter, amplifier, 


and indicator. 
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Fic. 10. Heterodyne Analyzer Circuit 


The coupling unit is shown unbalanced to ground with a calibrated attenuator which 
serves to vary the input to the modulator. The analyzer therefore is used as a termination, 
but other coupling units for voltage or current analysis can be fitted to the input terminals 
of the attenuator. 

The modulator is of the conjugate input type, to provide a convenient means for sepa- 
rating the'signal and beat frequency circuits, to balance out the beat frequency oscillator 
wave in the output circuit, and to reduce the number of unwanted modulation components 
produced. Triodes have been used with the grid bias set close to plate-current cut-off. 
The shielded and balanced input coil shown should have uniform transmission over the 
frequency range of interest, and its modulation should be well below the amplitudes of 
the products measured. By the usual design procedure, the response of the modulator 
can be made uniform over a wide range of frequencies. 

With values for noise, band width, and modulation which are readily attained, analyzers 
have been constructed capable of measuring second-order products 80 db down and third- 
order products 100 db down on their fundamentals. Here a three-stage amplifier was 
used with a gain of 130 db. The net analyzer gain including losses in the modulator and 
band filter was 120 db. 

Where products larger in relation to their accompanying fundamentals are to be meas- 
ured, the amplifier gain may be reduced. Where products smaller in relation to their 
fundamentals are to be measured, it becomes necessary to insert added discrimination 
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against the fundamentals in the input to the modulator, so that we arrive at a combination 
of resonance and heterodyne types. 

The oscillator used for heterodyning is designed to have a high degree of frequency and 
amplitude stability with supply voltage and temperature variations, and with time. 
Harmonics in the output are generally kept more than 40 db down on the fundamental. 
The oscillator amplitude applied to the modulator is made much greater than the signal 
input and slightly smaller than the grid bias, so that grid current does not flow in the 
modulator tubes. This amplitude, moreover, should be maintained fairly constant over 
the frequency range. All these requirements can be met readily with a bridge-type oscil- 
lator using thermistor or varistor stabilization. Frequency variation is most easily effected 
when the oscillator itself is of the heterodyne type, but frequency stability is not as high 
and spurious products have to be guarded against. 

The ability of the analyzer to discriminate against neighboring input components is 
determined largely by the properties of the modulator tubes and by the selectivity of the 
selective network of Fig. 10, which may be made up of 70 
electromechanical, electrical, or piezoelectric elements. / 
Which of these is used is a matter of convenience and of 
the frequency at which the band is to be located. Quartz 
- erystals are generally used from 40 ke up to several mega- 60 
cycles. The band width is made narrow to cut down the A 
noise introduced by the modulator to the greatest possible 
extent, as well as to reduce unwanted components. On 
the other hand, the band width should not be made so 50 
small that the tuning-in of the desired products becomes ti 
unnecessarily difficult and time-consuming. An equiva- 
lent band width of 5 to 20 cycles is found to be a useful 
compromise between the two requirements, the greater 
band width being used for measurements at radio broad- 
east frequencies. Analysis of waves in the short-wave 
region requires wider bands to accommodate incidental 
frequency variations; 2000-cycle bands have been used. 
The frequency at which the band is located depends upon 
the location of the frequency spectrum to be analyzed. 

In order to avoid confusion of the measured compo- 20 C 
nents with extraneous products generated in the modu- 
lator, the band is placed either above or below the spec- 
trum to be analyzed. Thus, in analyzers designed for use 10 biked 
at carrier or radio frequencies, the band may be set at a 
low frequency; frequencies ranging from a fraction of a | 
cycle to 1000 cycles have been used in various types. To 
avoid ambiguity in the measurement of small power- fe) 
supply ripples or modulation products, the band should Gyeles fob Miaband 
be made narrow and offset from harmonics of the power Fr ee ie 

: tq. 11. Frequeney Discrimina- 
frequency. In an analyzer covering the range from 50 ke {ion 4’ electrical network, mid- 
to 6 Me, the crystal filter is located at 6.7 Me and hasa band frequency, 100 cycles. B, 
band width of 400 cycles. In audio analyzers the beat pozoneree Beet One poi Dene PO 
frequency is generally placed above the band; 11 ke, 50 ate aed eal ke @= ) 
ke, and 90 ke have been used. Figure 11 shows the fre- 
quency discrimination obtainable in several different types of selective circuits. The 
100-cycle network referred to in that figure is a cumbersome multisection affair weighing 
close to 100 lb. 

Since the amplifier is required to function over only the narrow band passed by the 
selective filter, it is conveniently built with screen-grid tubes or pentodes and tuned inter- 
stage coupling which permit of realizing comparatively high gains per stage. The tuned 
interstage coupling supplements the selectivity of the band filter and limits the noise 
output of the amplifier. An input transformer with a high step-up ratio may be used to 
minimize the effect of tube noise arising in the first amplifier stage. 

Machine Noise Analyzer Unit; Mechanical Band-pass Filter. This device is used over 
the range from about 30 to 5000 cycles. It employs a mechanical band-pass filter working 
at 6000 cycles and having an equivalent band width of about 25 cycles. The effect of a 
double-balanced modulator is obtained in the electromagnetic structure through which 
the driving force is applied to the filter. In covering the above frequency range, the 
frequency of the heterodyning oscillator is varied from 6000 to 11,000 cycles. A discrimi- 
nation of about 48 db 60 cycles from the tuned frequency is obtained in the four-section 
mechanical filter. The analyzer unit does not contain input or measuring circuits since 
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it is intended to be used in conjunction with a noise meter which furnishes these circuits. 
Itisreadily portable. Fig- 
ure 12 gives an example of 
the noise spectrum of a 
small synchronous motor 
obtained with this ana- 
lyzer. 

General-purpose Anas 
lyzer Unit with Piezoelec- 
tric Band-pass Filters. 
With this device, it is pos- 
sible to select either a 27- 
cycle band or 200-cycle 
band, from any part of the 
frequency range between 
30 and 11,000 cycles. Lat- 
tice-type quartz crystal fil- 
20 ters working at 50 ke are 

0 200 400 600 800 1000 1200 1400 1600 1800 20002200 2400 employed for both hands. 
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rpm, 60 cycle, three phase, 220 volts, no load crimination of 52 db 60 cy 

cles from the center of the 


band is obtained, while the wide band has a similar value 350 cycles from midband. The 
circuit includes a demodulator by means of which the wave components selected by the fil- 
ter are translated to their original frequencies 
as indicated in the schematic of Fig. 13. This 
arrangement is particularly valuable in mea- 
suring closely spaced products, since it avoids 
output indication produced by transmission 
of the heterodyne source itself through modu- 
Fig. 13. Heterodyne Analyzer Circuit Used for lator unbalance (carrier leak). The modula- 


ROR ee The aod lls tor demedis tor leak here is translated to zero frequency 
ion avoids spurious indications pro- : . 
duced by leakage of the beating oscillator supply. and so is not transmitted by the a-c system 


connected to the demodulator output. The 
demodulator leak is far removed in frequency from the selected component and can be 
made harmless. Both modulator and demodulator are of the double-balanced copper oxide 
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type and are supplied with carrier heterodyning power from the same oscillator through 
buffer amplifier stages. The analyzer unit does not include input or measuring circuits 
since it is intended as an attachment for a noise meter or similar measuring device of 
which these circuits are a necessary part. Figure 14 gives an example of the use of the 
200-cycle band in the analysis of exhaust fan noise to determine the noise reduction ob- 
tained at various frequencies by means of sound insulation on the fan and exhaust. 
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Investigation of the spectrum of a complex wave by the methods just presented is a 
comparatively slow process at best since manual adjustment of a resonance frequency or 
of a beating oscillator frequency is required to shift the analyzer from point to point along 
the band to be studied. To speed up the process the analyzer may be tuned automatically, 
and the spectral distribution displayed in its entirety. 

RECORDING TUNED CIRCUIT ANALYZER. Here the resonant frequency of a single 
electrical tuned circuit is varied in small steps over the frequency range by means of a 
player-piano pneumatic control. Simultaneously a photographic record is made of the 
_ current in the resonant circuit after amplification and rectification, the photographic paper 
being correspondingly stepped in position to accord with the frequency scale. Two fre- 
quency ranges are provided: 20-1250 cycles and 80-5000 cycles. The complete recording 
takes about 5 minutes. A 20-db amplitude range is the useful limit for a single record, 
the amplitude scale on the photographic record being approximately linear. Discrimina- 
tion in the 80-5000 cycle band is about 20 db 60 cycles away from the tuning frequency, 
decreasing somewhat when the tuning frequency is above 1000 cycles. Figure 15 presents 
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the analysis of a buzzer tone, each peak of the curve denoting the amplitude and frequency 
of an input component. 

In any scheme of this kind which shifts a single discriminating circuit over the band, a 
definite compromise has to be made between the speed at which the circuit is shifted and 
the consequent resolving power, or ability to separate neighboring components. This 
relationship is discussed quantitatively below in the discussion of the Sweep Frequency 
Heterodyne. 

TUNED-REED ANALYZER. This analyzer makes use of a series of electromagnetically 
driven reeds tuned to frequencies in the audio range, distributed with a uniform percentage 
difference in frequency. Each reed carries a small concave mirror which deflects a beam 
of light by an amount proportional to the oscillation amplitude of the reed. The vibrating 
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Fig. 16. Frequency Spectra Obtained with Reed Analyzer 


spots of light indicate on a ground-glass screen the components present in the input wave 
which is applied to the electromagnets driving the reeds. Damping of the reeds is pro- 
portional to frequency and provides a discrimination of 20 db for components 2 1/y per cent 
from the tuned frequency. A component 20 db down on the maximum can be evaluated 
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with an accuracy of about 1 db when its frequency coincides with that of one of the reeds. 
A permanent record of a spectrum distribution constant in time can be obtained photo- 
graphically. To record wave components varying with time a motion-picture camera must 
be used. Figure 16 shows spectrograms for two piano tones obtained with a demonstration 
analyzer of this type, covering the frequency range from 50 to 3200 cycles with 144 reeds. 

COMMUTATED BAND ANALYZER. Selection of components is effected by a bank 
of contiguous fixed band filters extending over the frequency range to be covered. The 
output of each band filter is rectified, filtered, and amplified, as shown in Fig. 17. The ver- 
tically deflecting (V) plates of a cathode-ray tube are connected to each channel in turn 
by means of a commutator, while the horizontally deflecting (H) plates are connected toa 
synchronously operated stepped sweep. In this way, a linear frequency scale is laid out 
along a horizontal axis on the cathode-ray screen, and a vertical line represents the wave 
amplitude or energy within the corresponding band filter. The general aspect of spectro- 
grams of this type is indicated on the oscilloscope screen depicted in the figure. 


Fic. 17. Commutated Band Analyzer; Cathode-ray Presentation 


From 10 to 30 filters have been used with band widths distributed linearly or logarithmi- 
cally to cover the audio spectrum. With the linear distribution, bandwidths of 300 to 150 
cycles have been used. Filter attenuations at the crossovers are 3 to 6 db, and at the mid- 
band frequencies of the immediately adjacent filters are of the order of 20 db. A non- 
linear compressor inserted in the lead to the vertically deflecting (V) plates of the cathode- 
ray tube helps to make the smaller amplitudes more readily perceptible. Accurate por- 
trayal of an extended amplitude range, however, requires increase in filter selectivity to 
reduce interference from components falling within the attenuating regions of the filters. 
Commutation should be fast enough to reveal any envelope variations transmitted by the 
band filters. Thus if the widest filter band of the bank is B cycles wide, variations at a 
rate of B/2 are freely transmitted. The rectifier low-pass filter therefore should be B/2 
cycles wide, or alittle wider. For faithful indication, then, each channel should be sampled 
B times per second at least. While mechanical commutators have been shown for sim- 
plicity in Fig. 17, the channel sampling commutator may be replaced by electronic means, 
including clamps and a ring, with as many stages as there are bands to sample. Similarly 
the sweep commutator may be replaced by a properly synchronized electronic sweep 
developing a sawtoothed wave form. 

SWEEP FREQUENCY HETERODYNE, CATHODE-RAY PRESENTATION. This 
method uses what is essentially an automatic heterodyne analyzer and is in general use 
throughout the radio frequency spectrum, from the broadcast band and below, to the 
centimeter region. A block diagram of the circuit arrangement is shown in Fig. 18. There 
a sweep generator provides a sawtooth wave at a sub-audio repetition rate for two purposes. 
First, it constitutes the horizontal sweep, and second, it provides a means for varying the 
beating oscillator frequency throughout a definite frequency range. To accomplish the 
second function, the sawtooth wave actuates a reactance tube associated with the fre- 
quency-determining circuit of the oscillator. Or, at ultra-high frequencies, the sawtooth 
wave is impressed directly upon an oscillator tube of the velocity-variation type. In 
either case, the oscillator frequency is made linearly proportional to the instantaneous 
amplitude of the sweep throughout its utilized portion. 

The variable oscillator output then modulates the input wave to be analyzed so as to 
sweep its spectrum across the narrow pass band of the i-f amplifier. The i-f output is 
then detected, amplified, and applied to the V plates of a cathode-ray oscilloscope. 
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The amount of frequency variation (F) during a sweep cycle is made large enough to 
include the region to be analyzed. The sweep period (7) and the i-f band width (B) must 
be selected to accord with the resolving power required. If, for example, components equal 
in magnitude and separated by S cycles are to be displayed as distinct pips on the oscillo- 
scope screen, the response produced by one of them must have built up and decayed to a 
sufficiently low value before the next component enters the i-f band. The transient 
response depends upon the i-f band width and has a duration of roughly 2/B seconds. This 
time is to be no greater 
than the time required for 
the sweep to traverse the 
frequency spacing between 
the two components, or 
ST/F. Tf then the i-f 
bandwidth is made, say, 
one-quarter the frequency 
separation between the 
components to be resolved, 
the sweep period 7 should 


be of the order of magni- ce 
tude F/2B2. Where the Fig. 18. Sweep-frequency Heterodyne Analyzer; Cathode-ray Pres- 
: entation 


VARIABLE 
FREQUENCY 
OSCILLATOR 


components to be resolved 

are not equal in magnitude, the sweep period or the sweep frequency deviation must be 
correspondingly reduced, if the two transients are not to overlap excessively. Resolution 
of a carrier and two sidebands is indicated on the oscilloscope screen of Fig. 18. 

In certain cases involving large numbers of components, it is desirable to display the 
envelope of the spectral distribution rather than to resolve the components individually. 
There the i-f band (B) is made wide enough to include a number of components, and the 
approximate relations given above remain applicable when the separation (S) refers to 
bands rather than to individual components. An example is shown in Fig. 19 of a spectrum 
envelope applying to a magnetron pulsed at 1800 cps, taken with an i-f band width of the 
order of 50 ke. 

Various applications involve ranges of 7 from 1/100 to perhaps 1/2 second, of B from 
2 to 100 ke, and of F from 100 ke to 200 Mc. 

One of the most satisfactory methods for calibrating the frequency scale is to superpose 
on the modulator input of Fig. 18 a standard frequency source which is amplitude modu- 
lated by a sine wave at a known and adjustable rate. 
This superposes three pips at known frequencies on 
the signal spectrum, which can be varied in position 
to coincide with points of interest. 

For presentation of individual components a linear 
rectifier may be used to provide a linear output scale. 
For envelopes a square-law rectifier provides an out- 
put proportional to energy. Measurement of output 
levels may be carried out by one of two methods. 
The deflections may be read on a calibrated scale on 
the cathode-ray screen, or a calibrated attenuator in 
either input or i-f paths may be varied to bring to a 
fixed deflection the particular part of the distribution 
which is to be evaluated. In either method, over- 
loading of the measuring system must be avoided. 

A similar sweep type of heterodyne analyzer, de- 

on 7 me ipa veloped primarily for the study of musical tones, has 

a galvanometer as output indicator. A rotating 

Fie. 19. Spectrogram of an Oscillating mirror synchronized with the 10-cycle oscillator fre- 

MMoanoton: | eA ee Be eA BOD bulee quency sweep reflects the galvanometer light spot to 

Wave components are not resolved. a ground-glass screen. The rotating mirror thus pro- 

vides the equivalent of a horizontal sweep. An 

electrical network is used at 20 ke with a band width sufficient to resolve tones separated 
by 200 cycles. 

Another indicating and recording device used in conjunction with the sweep frequency 
heterodyne was developed primarily for noise and vibration studies in the audio band. It 
uses a scriber provided with a synchronous mechanical drive (like that of Fig. 20) which 
furnishes a permanent record of the spectral distribution upon waxed paper. Piezo filters 
make available analyzer band widths of 5, 50, and 200 cycles. The amplitude scale covers 
a range of 80 db. A complete record, directly legible, requires about 2 minutes’ time. 
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SOUND SPECTROGRAPH. The sound spectrograph produces a visual record show- 
ing the distribution of energy within an audio band in both frequency and time. Though 
the development of this device must be regarded as still in the experimental] stage, it con- 
stitutes as it stands a powerful means for the analysis of speech, music, and noise. Its 
power comes from the high concentration of information presented, which permits details 
of the spectral distribution to be followed as a function of time. 

Figure 20 shows a simplified schematic of one form of the device which will serve to 
illustrate the basic idea. Three distinct functions are involved. First the sound to be 
analyzed is recorded so that it can be repeatedly reproduced. Here a magnetic tape 
recording is shown, mounted on a rotating disk which is driven by a synchronous motor. 
Second, analysis of the recorded sound is effected by a heterodyne type of analyzer in 
which the oscillator frequency is varied to move the analyzer filter in effect steadily over 
the sound spectrum. This variation is indicated in the figure by mechanical coupling 
between the varying condenser of the beating oscillator and the main drive shaft. In 
this way the analyzing frequency changes a small amount throughout each revolution of 
the shaft. Finally the analyzer output is recorded in synchronism with the reproduced 
sound. Recording is accomplished in the same manner as that practiced in facsimile 

reception. A drum _ bearing 

MAGNETIC FREQUENCY the recording paper is coupled 
RECORDING SCALE to the main drive shaft, and 

the recording stylus is moved 
laterally a small distance in 
each revolution by means of a 
lead screw similarly coupled. 
The electrically sensitive paper 
mounted on the drum is 
marked by the stylus with 
gradations of density which 
accord with the analyzer out- 
put. The net result is to pro- 
duce a sort of three-dimen- 
ae ene a ee ? Hi fed oe Seas sional picture in which the 
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lyzer is displayed as a pattern on electrically sensitive paper, ex- 
hibiting the energy-frequency distribution as a function of time. rectangular plot of frequency 


against time. 

A signal level range of 35 db is handled with the aid of automatic volume control which 
provides something like a threefold compression on a db basis. Two heterodyne band 
widths are available: one 45 and the other 300 cycles, as measured at the 3-db points. The 
linear frequency scale of the spectrogram is 2 in. high and covers the range from 100 to 
3500 cycles. The linear time scale extends for a length of 12 in., corresponding to an 
original audio sample 2.4 seconds in duration. Two hundred rotations of the disk carrying 
the audio sample are completed in less than 5 minutes for the full analysis. The most 
recent development in this field speeds up the analysis by a factor of the order of 200. 

Photographic reproductions of spectrograms of speech, music, and noise are to be found 
in the last four references listed under Spectrographs in the Bibliography. In the case of 
speech, the narrow band (45 cycles) analysis is adequate to resolve individual harmonics 
of the voiced sounds. The traces curve up and down as the pitch of the voice varies, and 
the spacing between harmonics gets bigger as the pitch increases at any particular instant. 
A definite loss of detail occurs when the wide band (300 cycles) is used since two or three 
harmonics are merged. A spectrogram of thermal noise shows energy concentrated in 
different frequency regions at different instants of time. Randomly spaced vertical spin- 
dles of the spectrogram correspond in length to the 300-cycle filter of the analyzer. Espe- 
cially interesting are spectrograms of a warble tone which constitutes a frequency-modu- 
lated wave, produced by varying sinusoidally the frequency of an oscillator. The narrow 
filter reveals the presence of individual side frequencies of a tone warbled at a 50-cycle 
rate, but the wide filter cannot resolve them; they are integrated to reveal the instantaneous 
frequency. 

The process of sound portrayal employed in the sound spectrograph described above 
results in a considerable simplification of apparatus where high resolution is desired. The 
equivalent machine to record high-resolution patterns directly would require something 
of the order of a hundred filters rather than a single one. Sound spectrographs of this type 
have been made to transcribe long samples of sound by employing the disk and drum 
arrangement of Fig. 20 with endless belts, one of magnetic tape and another of recording 
paper. 
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For special uses, such as experimental visual telephony for the deaf, low resolution pat- 
terns of the type provided by the sound spectrograph are formed at speech rates. Ten to 
twenty fixed filters or a scanning band affording equivalent resolution are used in this 
instrument, termed ‘‘visible speech translator.”” The outputs produce speech patterns in 
light upon a moving band of either phosphorescent or fluorescent material. Scanning 
and timing functions are controlled by synchronized electronic means. The accuracy and 
speed of these translators are sufficient to permit their use for the reading of continuous 
speech by trained observers. 
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MICROWAVE MEASUREMENTS 


By E. W. Houghton 


The electrical characteristics of any network can be completely expressed in terms of 
three quantities: impedance, power, and frequency. Attenuation ratio, although not a 
fundamental quantity, is of sufficient importance to warrant separate consideration. This 
section is concerned with methods and techniques for accurately measuring these quan- 
tities in the frequency range of roughly 1000-30,000 megacycles. The methods can be 
used to attain the accuracies summarized in Table 1. 
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Table 1. Microwave Measurement Accuracies 


Quantity to Be Measured Method Accuracy 
Impedance: 
Small standing wave ratios...........--- Slotted line +2% 
Directional coupler +5% — 40.2% 
Hybrid junction +5% — +0.2% 
Large standing wave ratios..........-.- Slotted line +5% 
Power (averaged over several seconds) 
5-200 MMICLOWALUB acl rience ie isle iret Bolometer +0.5 db 
OWZ=1Ohmilliwatts: «ccc cree ences eee Bolometer +0.1db 
O:0l=l00iwattshone cae eres eae Bolometer-attenuator | +0.3 db 
ZO= 100) watts sass settee a aecteters rae etatarele Calorimeter +0.3 db 
Power (averaged over several microseconds) 
WOOT watts tre smctercusterencierare eke erste tie: Calibrated crystal +0.6 db 
OST 10 O sito wei bts terete corer cttoton «poacher seucte reels Calibrated crystal +1 db 
Attenuation 
(N56 | ovens So Oe SE mie Some OS Bolometer +0.05 db 
(EN Eis l yar pe COCCI OO ee oreo moo cece Bolometer +0.1 db 
O= GOK weet ecteee eee heey teeter tee nari Heterodyne receiver +0.2 db 
OSA Od errtrs croc cre cicttreranretere score tereaere R-f attenuator +0.2 db 
Frequency: 
Small differentials: se... eisai 5 Wavemeter +0.005% 
ADSOLUGC z ....:< tee batets Statens shevolsievs erstn ctv aevete Harmonic generator +0.0001% 
Wavemeter +0.01% 
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TRANSMISSION-LINE CALCULATIONS. At microwave frequencies practically all 
measurable impedances are in transmission lines (coaxial or wave guide), and the terminals 
of these impedances are transmission-line couplings (i.e., coaxial jacks and plugs or wave- 
guide choke or plane flanges) or simply specific transverse planes in the transmission line 
(see reference 17, p. 11-89). Absolute impedance values are rarely important, and in 
fact wave-guide transmission-line impedances can be defined in several ways (see refer- 
ence 1). Ambiguity is removed by using a relative or ‘‘normalized’’ value which is the 
ratio of an impedance, Z, to Zo, the characteristic impedance of the transmission line defined 
in the same way; thus z = Z/Zo, where z is a complex value. 

A section of uniform, lossless, transmission line, Fig. 1, transmits energy in a given 
mode between a source plane, s-s, and an impedance plane, tt, by means of traveling 

my Si D's tae § electromagnetic waves. Unless the impedance at t-t termi- 
Saree ere eet nates the line in its characteristic impedance, two such waves 

i exist: (1) an incident wave which originates at the source and 

Senior Walvis Lara travels forward toward the impedance plane ¢-t, and (2) a 


| 
iil 
$3] reflected wave which originates at t-¢ and travels backward 
| 
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[ — > 
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i 

| Reflected | 
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1, 


FS | toward the source (see reference 2). The ratio of transverse 
screamer ae hie : voltage in the reflected wave to transverse voltage in the 
incident wave defines the reflection coefficient k, which is a 

Fie. Impedance Planes on : ; ; ‘ 
AUT nana noni anuline complex quantity. Total transverse voltage and longitudinal 


. current on the transmission line are the vector sums of the 
voltages and currents in the two oppositely traveling waves, which therefore combine to 
produce a standing-wave pattern distributed along the transmission line. The ratio of 


the maximum to the minimum total voltage defines (voltage) standing-wave ratio, S 
which is not a complex quantity. 


The more general result of interference between oppositely traveling waves is to trans- 
form the impedance at tt to new values at planes between s—-s and t-t. The relationship 
between reflection coefficient and normalized impedance at t-tis: K; ld = (4 — 1)/(e + 1), 


where 2; is a complex value. At some arbitrary plane a—a closer to the source and removed 
from ¢-t by line length l/Ag wavelengths the reflection coefficient is ke = Kz |¢ — 26, 


where 6 = 2ml/dg radians. The normalized impedance at this plane is thus: 
1 + Ka 1+ Ki|¢ — 26 
lke 1— Ki |¢ — 26 


This can be expressed 38 Za = (2, + j tan 6)/(1 + jz; tan 6). 
The oppositely trave ‘g waves combine in phase opposition to give a minimum voltage 


? 


2a 
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standing wave at 20 = (4 — ¢) radians, or (4 — ¢)/4m wavelengths from t+; at 7/2 
radians or 1/4 wavelength closer to s—s the waves directly add to give a maximum voltage 
standing wave. The standing-wave ratio isthus S = (1 + K,)/(1 — K,). From measure- 
ments of either K, or S, and o, the normalized impedance at t-t can be computed (see 
reference 3) from 

ea Suvanic) 


S — 7 (tan o) @) 


2t 


The transmission-line calculator (see reference 4), Fig. 2, provides a convenient graphical 
aid to visualization and computation of the above impedance transformations. An ex- 
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Fig. 2. Transmission Line Calculator 


ample, drawn on the chart, will illustrate its use. As the line length between t-¢ and a-a 
increases, transformed impedance values are intercepted by the circle in the order indicated 
by the arrow on its periphery. Thus a normalized impedance 2 = 0.65 + 70.45 at t-t 
transforms to Z, = 1.5 + 70.7 at plane a—a located 0.102 wavelength from tt. Normalized 
admittance values equivalent to series impedance values appear at points on the circle 
diametrically opposite; thus yo = 1/z. = 0.55 — j0.25. At b-b, 2: is transformed to a 
pure resistance z) = 2.0 + j0; at c—c, z is transformed to 2 = 0.5 + j0, also a pure resist- 
ance. Planes b-b and c-c are the positions of the maximum and minimum standing wave 
voltages respectively, and the standing-wave ratio created by z is Seay ee OF 
Following the above example in reverse order it is seen that the chart provides an ex- 
tremely practical method for computing the impedance 2; from measurements whichigave 
values of S = 2 and ¢ = 0.408. By this method eq. (1) can be solved rapidly and with a 
precision adequate for most measurements. 

The results of impedance measurements are primarily used to study the electrical nature 
of the impedance, or to design networks for transforming this impedance to a new value 
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(see reference 5) (usually the characteristic impedance of the transmission line, which it 
then terminates without reflection). However, in many cases a given impedance may be 
used to terminate an electrically long transmission line or a line of unspecified length. 
Under these conditions a measurement of the reflection coefficient phase angle would be 
trivial; thus in many practical cases impedance measurements are concerned only with 
ascertaining reflection coefficient amplitudes or standing-wave ratios produced by that 
impedance in a connected transmission line. 

STANDING-WAVE DETECTORS. Of the three instruments most commonly used 
for impedance measurement the standing-wave detector is the most versatile since it 
affords information on both amplitude and phase of the reflection coefficient. It comprises: 
(1) a section of uniform transmission line (coaxial or wave-guide) which has a longitudinal 
slot in its outer conductor, and (2) a probe which projects through this slot and travels 
parallel to the axis of the line on a carriage. A standing-wave pattern of voltage is set up 
in the line when the test impedance is connected at one end and a source at the other. 
The probe, excited by this voltage, is connected to a detector whose output is a relative 
function of total voltage amplitudes along the slotted line. From readings obtained at 
the maximum and minimum voltage positions, the standing-wave ratio can be calculated, 
provided that the law of the detector is known or the detector has been calibrated. The 
detector may be a crystal (reference 6), bolometer (reference 8), or the mixer of a hetero- 
dyne receiver (reference 25). In the last case the mixer may be kept linear by operating 
at low levels; the second detector is used at a constant level by means of a calibrated i-f 
attenuator. The law of a bolometer detector and its bridge circuit can be obtained accu- 
rately by a low-frequency calibration. Specially selected crystals can be found to meet a 
square-law requirement over restricted input ranges, but they should preferably be cali- 
brated against a bolometer power meter or heterodyne receiver. 

A somewhat less accurate calibration method is to terminate the slotted line in a per- 
fectly reflecting short and measure the standing-wave voltage distribution, which under 
ideal conditions approaches V = C sin (27l/Xg), where C is a constant and //Xg is the 
displacement in wavelengths from a plane of zero voltage. A method for which the law 
need not be known is to operate the detector at a constant level by using a calibrated r-f 
attenuator between the slotted line and the source, or between the pick-up probe and the 
detector; standing-wave ratios are deduced from attenuator settings. The r-f attenuator 
method is satisfactory for measurement of high standing-wave ratios (10-100) but is 
generally considered inferior to other methods for low ratios (1 to 2). 

In order to avoid reflection errors from the probe, its insertion is limited to small values 
(less than 10 per cent of wave-guide height or 1/4 the difference between coaxial conductor 
diameters) for which its power output will be 20-30 db lower than the power in the slotted 
line. The most convenient oscillator sources are single-cavity klystron (reference 10) or 
Reflex (reference 8) uscillators which can be easily tuned over wide bands. After adequate 
padding these sources may deliver only 1-10 mw to the slotted line. High-sensitivity 
detecting and indicating methods are therefore often required. Three methods are 
common: (1) a heterodyne receiver can be used; (2) a simpler method is to 100 per cent 
modulate the source by a square wave (to avoid frequency modulation), then amplify 
and rectify the detector output in a high-gain amplifier-detector; (3) the simplest method 
is to use a sensitive galvanometer or microammeter driven directly by a crystal detector. 
A tunable transformer can be included in the probe-detector mechanism to give the high- 
est sensitivity allowed by a given probe insertion; however, any variation in crystal or 
bolometer r-f impedance with standing-wave voltage variation may cause a change in the 
tuning and introduce a significant error. Since they are 15-20 db less sensitive than erys- 
tals, bolometer detectors are more satisfactory on high-power sources (magnetron test 
equipment, reference 11) for which high-sensitivity methods are not needed. For ac- 
curate measurements, stabilized power supplies must be employed, and spurious pick-up 
in microwave oscillators, high-gain amplifiers, and detector output leads must be avoided 
by complete shielding. 

Design Requirements. The slot should be as narrow as possible, of uniform width, 
accurately centered in rectangular wave guide and parallel to the axis in the coaxial line, 
and long enough to allow a probe movement of at least 1/. wavelength. To prevent radia- 
tion the slot can be covered (by a contacting shoe or a shorting trap) for at least 1 /4 wave- 
length on each side of the probe. To avoid serious errors caused by small transverse varia- 
tions of the probe in the slot the probe’s outer conductor is sometimes imbedded in the 
center of a metal slug at least 1/2 wavelength long, the bottom of which is flush with the 
inside of the outer conductor or wave-guide wall, and the sides of which definitely wipe (or 
definitely clear with very small gaps) the sides of the slot. In coaxial slotted lines the con- 
ductors must be accurately coaxial. The center conductor can be rigidly supported and 
centered at the source end, but at the load end it should be supported (if necessary) by a 
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very thin washer of low-dielectric-constant material; the residual reflection (pure shunt 
susceptance) can be calibrated and allowed for subsequently. An assortment of low-reflec- 
tion fittings (tapers, jacks, plugs, adapters) may be required for connection to the load, 
although greatest accuracy can be attained with as few attachments as possible. Wave- 
guide slotted lines are preferably terminated with a well-surfaced plane flange, to which 
adapters may be attached, or with a standard choke on one end and choke-cover flange on 
the other so that either type of connection is available by reversal of the slotted section. 

The most serious requirement is that the bottom of the probe shall travel accurately 
parallel to the axis of the transmission line. The probe carriage may travel on the outside 
of the line itself, or on ways rigidly attached and made accurately parallel with the axis. 
It is generally possible by accurate machining or electroforming techniques (reference 12) 
to maintain parallelism within +0.0002 in. for at least 1/2 wavelength of travel. 

Accuracy. On standing-wave ratios above about 2, inaccurate assumptions (or calibra- 
tions) for the law of the detector and the amplifying-indicating system, and meter-reading 
errors, can easily limit the measurement accuracy to 10 per cent; by using a calibrated 
r-f attenuator, or preferably a heterodyne receiver, or by deducing the voltage standing- 
wave ratio from measurements confined to the region of the voltage minimum (reference 

_3), the accuracy can be improved to nearly that for low standing-wave ratios. Below ratios 
of 2, percentage accuracy is limited primarily by: (1) change in characteristic impedance 
and end reflections introduced by the slot; (2) reflections introduced by load connectors 
(flanges, jacks, tapers, or adapters), unless these are to be considered a part of the unknown 
impedance; (8) reflections from the probe; and (4) non-parallelism of probe travel. The 
effect of (1) can be deduced by measuring an impedance through two lines of the same 
dimensions, one with and the other without a slot. Sometimes errors from (2) can be 
reduced by determining an equivalent shunt susceptance (reference 16), but this is im- 
practical when the connector introduces multiple discontinuities. It is possible, but not 
very easy, to measure and calculate errors from (8) (reference 13); this effect can be 
reduced by maintaining a matched impedance looking toward the source and eliminated 
by withdrawing the probe until there is no significant change in power delivered to the 
load (as monitored by another detector); but a compromise must usually be effected 
between this error and the error from (4) since (4) is reduced by larger probe insertions. 

Experience has shown that carefully constructed coaxial standing-wave detectors can 
be used with an accuracy of about 5 per cent and the accuracy for wave-guide detectors is 
usually about 2 per cent. 

DIRECTIONAL COUPLERS. Directional couplers (reference 14) are commonly in- 
cluded as a permanent section of the coaxial or wave-guide transmission line in microwave 
systems for monitoring incident and reflected power (reference 15). In such applications 
they (1) introduce negligible reflection in the transmission line (S less than 1.05), (2) create 
almost no high-power arcing problem, and (3) contain no moving parts. Compared to 
standing-wave detectors, directional couplers can be used for routine measurements of re- 
flections with somewhat less accuracy by standard techniques, and with much higher ac- 
curacy by special techniques; they can be more conveniently used (1) to tune a load impe- 
dance to match the line, (2) to tune a source impedance to match the line, and (3) to cor- 
rect for changes in interaction loss between the source and load impedance. 

Power levels proportional to the power in the reflected and incident waves can be meas- 
ured at the input and output ends respectively of an auxiliary transmission line coupled 
to the main line by means of two equal-sized probes, loops, or orifices separated by approxi- 
mately 1/4 transmission-line wavelength (reference 14). Illustrated in Fig. 3, this instru- 
ment comprises a directional coupler in its simplest form. A directional coupler can thus 
be used to measure reflection-coefficient 
amplitude, which is the ratio of the square Main line 
root of the two measured power levels. Source 2 =¢222= 2 z zz 

Bolometer power detectors are convenient LUD Same wave 
for high-power sources, and on low-power 
sources the same sensitive detecting and 


Coupling orifice 
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4 S N Auxiliary line 
indicating methods previously described N48 : Nf 
: . : Reflected Incident 
are applicable. It is preferable to switch Wavercutpilt maveroutout 
the same detector-indicator alternately be- Fie. 3. Directional Coupler in Waveguide 


tween incident and reflected wave outputs j : ALY 
(alternately terminating the other output) so that only a ratio calibration is required. 
Low-reflection wave-guide and coaxial switches are convenient for this purpose, or special 
arrangements can be employed to transmit both waves to the same output. Detector 
law uncertainties can be eliminated by using a calibrated r-f attenuator to equalize incident 
and reflected powers. The attenuator method is best used for measuring nearly matched 
impedances, since, for example, a change in standing-wave ratio from 1.01 to 1.02 changes 
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the reflected wave output power by 6 db whereas one from 2.02 to 2.04 changes the output 
power by only 0.12 db. 

A directional coupler can thus be used as a sensitive indicator for tuning a load to match 
the transmission line, and, because reflection coefficient is continuously monitored, it is 
especially convenient. 

In Fig. 4 a directional coupler is used for matching a source impedance to the line. Asa 
shorting piston (or preferably a reflector with a constant K of 30 to 50 per cent) is moved 
back and forth in the line, the tuning controls are adjusted until the incident wave output 
remains constant. The oscillator must be sufficiently masked or decoupled to prevent 

changes in its frequency and 


Tunable efficiency as the load impedance 
Oscillator | | Attenuator | | matching [ varies. 
metwork Shorting Without tuning for it, the 


piston 


condition prevailing for a 
matched source impedance 
A. Tuning source impedance (Fig. 7) can be simulated by 
to match the transmission line monitoring and keeping the in- 
cident power constant by means 
of a variable attenuator ahead 
of the coupler, Fig. 4. The 
variation of power in the load 
as its impedance changes is re- 
duced to that of reflection loss 
only. Power-time instability in 
B. Simulation of perfectly stable, matched source the oscillator can also be cor- 
rected for by this method. 
Design Requirements. Di- 


rectional couplers for imped- 
Unmatched ance measurement should not 
termination have losses much below 20 db 
(see p. 11-72) to avoid serious 


loading by the coupling holes 


Ideal 


Adjustable 
attenuator 


Detector Tunable 3 y 
and matching and interaction between them. 
indicator network By careful machining or electro- 


forming techniques (reference 
12), inside dimensions and the 
wall thickness of the main line 


C. Precision measurement of must be made precisely uniform 
reflection coefficient over the longitudinal region oc- 
Fia. 4. Directional Coupler Applications cupied by the coupling slits or 


holes, which must be con- 

structed with exacting tolerances. Transverse slits have been used both in coaxial lines 
and in wave guides (usually in the wide side), but for wave-guide couplers round holes in 
the narrow side are usually better since they give higher losses which can be more accurately 
controlled by standard precision boring techniques. In coaxial lines the center conductor 
must be accurately centered; reflection from any support at the load end cannot be cali- 
brated out of the measurements which ordinarily do not contain phase information. Simi- 
larly, careful attention must be given to designing reflectionless fittings and connectors. 
The most serious requirement for accurate measurements is that the directional coupler 
be designed for the frequency band in which it is to be used. Its directional coupling 
action (directivity) is frequency sensitive. As Ag, the transmission-line wavelength (not 
to be confused with free-space wavelength) varies, the effect of a fixed hole spacing is to 
add a spurious vector voltage to the true reflected wave output in the auxiliary line. The 
ratio of this spurious voltage to the incident wave voltage (also in the auxiliary line) shall 
be designated ‘‘unbalance reflection coefficient,” K,. In the worst case, a measured value 
of reflection coefficient will be in error by +K,. For a simple two-hole coupler in wave 
guide, K, is zero at a Ag approximately 1 per cent greater than four times the hole spacing, 
but for a +0.6 per cent, +1.3 per cent, and +3.2 per cent change in dg the values for Ky, 
are approximately 0.01, 0.02, and 0.05 respectively. The band width can be greatly 
increased by increasing the total number of holes, and the simplest pattern is to separate 
equal-sized pairs of holes (spaced 1/4 the mid-wavelength) by 1/2 mid-wavelength. By 
this method K, can be kept lower than 0.015 over an 8 per cent wavelength band in a four- 


hole wave-guide coupler and over a 20 per cent band for an eight-hole wave-guide coupler 
(reference 26). 
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Another spurious vector, adding to the true reflected wave output, comes from partial 
reflection of the incident wave from an imperfect termination of the auxiliary line. Where 
it is practical to position this termination for first a minimum then a maximum reading, it 
is possible to nearly eliminate its error by averaging the two readings. 

Accuracy. In the laboratory where there is usually no serious limitation on length, 
it is practical to use four- or eight-hole couplers containing broad-band terminations with 
VSWR less than 1.05 in coaxial and 1.02 in wave guide. Under these conditions, routine 
measurements can be made with a VSWR accuracy of about 10 per cent in coaxial and 
5 per cent in wave guide, since detecting-indicating systems can be made to contribute 
small percentage errors. In microwave systems directional couplers are often limited in 
size so that the realizable accuracy is usually lower. 

Figure 4 shows a method wherein the auxiliary line termination is tuned to cancel the 
K,, of the holes, giving the effect of a perfect coupler and termination. As a mismatch of 
constant K is moved back and forth in the main line, the termination tuning is adjusted 
until the reflected wave output remains constant (not zero). Alternatively, if a termination 
of K = 0 is used the output can be directly tuned to zero. Loads (including their con- 
nectors) connected to the directional coupler can then be measured with an accuracy of 

‘about 0.1 to 0.2 per cent. Accuracy is limited primarily by the detecting-indicating 
equipment. 

HYBRID JUNCTIONS. Hybrid junctions (reference 18) can be used in many of the 
applications described for directional couplers, compared to which they may possess certain 
advantages im sensitivity, size, design simplicity, and 
band width. It is possible to make hybrid junctions Main 


in either wave-guide or coaxial lines. However, a de- branch prance 
sign which will give accurate measurements over a 

wide bandwidth does not yet exist tor coaxial lines. E branch 
Descriptions and examples in the following discussion Wbranch 


are applied specifically to wave-guide hybrid junctions 
for which satisfactory designs are commonplace. 

A type of hybrid junction commonly used for imped- 
ance measurement is formed by joining an H-plane T 
(off the narrow side) and an #-plane T (off the wide 
side) to a straight section of rectangular wave guide 
(reference 12). Projections of the central axes of both 
T’s meet at a common point on the axis of the main 
guide, Fig. 5. This geometrical symmetry makes the 
# and H branches conjugate. When the main 
branches are terminated by equal impedances there is 
no transmission between H and H branches. Hybrid 
junctions can therefore be used to tune a load on one 
main branch (test branch) to match that on the other 
main branch (reference branch); the degree to which [attenuator 
the tuned load matches the characteristic impedance 
of the wave guide depends upon (1) the intrinsic bal- 
ance in the junction and (2) the reflection coefficient 
of the reference termination. The directional coupler B. Measurement of reflection coefficient 
has corresponding limitations; in fact, both devices Fic. 5. Hybrid Junction 
separate out direct and reflected waves by a cancella- 
tion process. However, it is sometimes more helpful to visualize the hybrid junction as 
the microwave equivalent of a low-frequency hybrid transformer (reference 18) with the 
added complication that the input impedances at the junctions, unless matched, are 
transformed to new values along the transmission-line branches. 

Looking toward the junction the impedances are inherently unmatched to the branch 
transmission lines; on well-constructed junctions the VSWR’s looking alternately into 
E, H, test, and references branches are approximately 2, 3, 1.3, and 1.3 respectively when 
the other three branch lines are terminated in Zo. 

By methods similar to those described for the directional coupler, hybrid junctions can 
also be used for routine and precise measurements of reflection coefficient. Figure 5 
illustrates the circuit configuration. The H-branch output (detector input) is proportional 
to the vector sum of the reflected waves in the test and reference branches, and a wave 
created by junction unbalance. When the latter two are negligible, the detector input is 
proportional only to the power reflected from the unknown impedance; reflection coefficient 
can be deduced from the ratio of this power to the power incident upon the unknown. For 
sensitivity calibration a power level proportional to the incident wave (in the test branch) 


A. Hybrid junction in waveguide 


impedance termination } 
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is most conveniently applied to the detector by substituting a shorting plunger for the 
unknown. 

As a consequence of its reflection coefficient, k:, the test branch carries a total reflected 
wave, V;, which is not uniquely proportional to the product of the reference incident wave 
V; and the unknown reflection coefficient kz. In fact, V, = Vike/( — kzkt), which is a 
complex quantity. Evidently the amplitude ratio V,/V; as measured on the hybrid 
junction is not the true reflection coefficient Kz; therefore the maximum error in routine 
measurements created by Ky (assuming that the effect is not canceled by purposely 
phasing the unknown along the line) is 1/(1 — K,K,). For example, a measurement 
which gave K, = 9.1 per cent (SWR = 1.2) may be in error by a maximum factor of 1.01 
since K; = 13 per cent. The error increases at higher values of Kz, but nearer zero the 
error from this source will be negligible (reference 27). 

When a short circuit is substituted for the unknown for sensitivity calibration, K, = 1. 
As the position of the short circuit is varied the power in the detector will deviate from the 
reference value by maximum factors of 1/(1 + Kz) to1/(1 — K.). From an observation 
of the maximum and minimum detector outputs it is possible to deduce that reference 
detector output which is proportional to the reference incident power in the test branch. 
However, the impedance presented to the source will be seriously altered by the short 
circuit in the test branch, so the above factors can be applied exactly only when the oscil- 
lator is well masked and the source impedance is well matched to the line; alternatively 
the source’s incident power can be monitored by a directional coupler and kept constant, 
Fig. 4. The detector must also present a well-matched, Zo, load. An alternative method of 
calibration which reduces the interaction effects occasioned by introducing a shorting 
piston is to substitute a known impedance (calibrated by other means) of medium or 
low K. In this case, the net measurement accuracy can be no better than that of the 
calibrated impedance. 

The above interaction effects can be materially reduced or even eliminated by introduc- 
ing properly positioned susceptances (references 5 and 17) (matching posts, windows, or 
dielectric blocks) which cancel the junction’s discontinuity reactances and transform the 
impedance of the H and £# branches so that each branch is matched when the other three 
are terminated with matched loads. Under this condition, the main branches are also 
conjugate, and power sent into any one branch divides equally between the two non- 
conjugate branches (reference 18). Such an “‘ideal’”’ hybrid junction can be used in all 
those applications described for directional couplers, except monitor, without disturbing 
the transmission line, with as good accuracy and higher sensitivity. For example, high- 
or low-impedance mismatches can be measured accurately, a load can be tuned, and 
a source impedance can be tuned to Z by monitoring and tuning for constancy the 
incident wave output on one main branch while moving a shorting piston in the other main 
branch. 

The above impedances may be matched over only a relatively narrow band, unless the 
posts or windows are put right in the junction. However, the unbalance reflection coeffi- 
cient may be seriously increased by this method of impedance matching. Completely 
satisfactory wide-band solutions have not yet been found. Matching networks are not 
essential for many measurement requirements. 

Accuracy. Accuracy of routine measurements is primarily limited by (1) interaction 
between unknown and test branch impedances, (2) reflection coefficient of the reference 
termination, and (3) junction unbalance reflection coefficient. For low mismatches (K 
less than 5 per cent) the first error is negligible, and under. this condition the same tech- 
niques described for directional couplers can be used to (a) cancel the second error by 
positioning the reference termination and (6) cancel both second and third errors by 
tuning the reference terminations for precision measurements. On hybrid junctions 
constructed by precision electroforming techniques (reference 12) the unbalance reflection 
coefficient can be kept less than 0.005 over the entire wave-guide pass band. Therefore 
on low mismatches the accuracy of routine measurements can be as high as or higher than 
on well-constructed directional couplers with the added advantage that lower-sensitivity, 
more stable detecting and indicating equipment can be used. 

Compared to directional couplers, hybrid junctions have the following advantages: 
(1) they are simpler to design for a low unbalance reflection coefficient over a wide band 
(geometrical symmetry is the only requirement); (2) they are smaller; and (3) they are 
more sensitive (the reflected wave power in the detector is at least 10 db higher than that 
for a 20-db directional coupler). However, (1) they cannot be incorporated in transmission 
lines (with negligible reaction) to monitor reflection coefficient; (2) interaction between 
“unknown” and test branch impedances may introduce a significant error in measuring 
reflection coefficients higher than about 5 per cent (S = 1.1); and (3) impedance interaction 
effects make it more difficult to calibrate sensitivity without introducing a calibration error. 


ABSOLUTE POWER MEASUREMENTS 


11-77 


33. ABSOLUTE POWER MEASUREMENTS 


LOW-POWER MEASUREMENTS BY BOLOMETRIC METHODS. Microwave 
powers less than 10-20 mw are measured by bolometric methods which are, so far, the 
only ones available for accurate measurements in this frequency and power range. A 


transmission line carrying the unknown power 
is terminated in a bolometer detector, the only 
absorbing element of which is a thermally sensi- 
tive resistor. Its d-c resistance changes when 
r-f power is dissipated in it, and ideally the 
change is independent of the frequency of exci- 
tation. The resistance change can therefore be 
related to r-f power by a low-frequency or d-c 


calibration. Alternatively the resistance can R-f input 
oo 


be biased to a given value and kept constant 
when r-f power is applied by removing an equal 
and measured quantity of d-c or low-frequency 
power. 

A bolometer detector (Fig. 6 is typical) 
comprises a thermal resistor and a reactance 
network for matching it to the transmission 
line. Sensitive thermal resistors are small, 
essentially ‘“‘Jumped,’’ elements. Two types 
are commonly employed: thin, short, filament 
wires (reference 19), and bead thermistors, 
the thermal element of which is a tiny bead 
made up of a mixture of metallic oxides (ref- 
erence 8) (see Table 2). The r-f resistance 
of the thermal resistor may be different from 
d-c resistance, but, in order to compare r-f 
power directly against d-c (or low-frequency) 
standards, (1) its d-c resistance change must 
be dependent only upon incremental heating 
power (when external temperature is constant), 
(2) the heat distribution from r-f power must 
be equivalent to that generated by a uni- 
formly distributed d-c current, and (3) all 
the r-f power absorbed by the detector must be 
dissipated in the thermal resistor. 


Bridge circuit 
connection 
9 #9 


stub support 7 t=f bypass 


hermister bead 
Probe antenna 


A. tn waveguide 


ie input 


Thermistor bead 


Dielectric 
r-f bypass 


CE Wd 


uN 


ds ¢ 
Bridge circuit 
connection 


yy 


SSS 


V7 


LL 


SSS 


B. In coaxial 


Fig. 6. Pre-tuned, Wide-band Bolometer De- 
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Requirement | is met on all thermal resistors when space-integrated values of resistance 
and heat are specified. However, the time constant of the thermal resistor may be of 
such a value that, in two extreme cases, resistance changes either (a) exactly follow or 
(b) completely fail to follow the modulation envelope of the r-f power (when amplitude 
modulated). In either case the average resistance change is proportional to average power, 
but in (a) envelope peak power can be measured. As sinusoidal modulation frequency is 
increased from zero (all other parameters remaining constant) the resistance modulation 
will decrease to half its maximum value at 36 cps and at 450 cps, respectively, for the ther- 


mistors and platinum wire listed in Table 2. 


Table 2. Sensitive Thermal Resistors—Typical Characteristics 


Platinum Wire 


Thermistor Bead 


Temperatures. occimerteiseteyt< 25°'C 252° 25°C 25°C 
RESISCANIGE jo:c1a eee sheila eter ohs 200 ohms 200 ohms 125 ohms 50 ohms 
Biasing power. tie eso. ee 15.3 mw 10 mw 13.5 mw 23.5 mw 
Resistance-power coefficient. .| +4.5 ohms/mw — 29 ohms/mw]| — 14 ohms/mw| — 4.8 ohms/mw 


Power-temperature coeffi- 


CHONG eave aye. si stot ver eie ost sfers) — 0.0 5mw/deg cent 
Time! constant f..--........ 350 usec 
Safe maximum current...... 11 ma 
Dimensionsie terreeetste cro 0.118 & 0.00006 in. 


—0.1 mw/deg cent 

2500 usec 

200 ma 
Lead wires, 0.001 in. diameter 
Bead, 0.020 0.010 in. 


* For constant resistance; also the ratio of power to temperature changes which produce the same 


resistance changes. 
+ For 67 per cent of ultimate resistance change. 
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Requirement 2 is met on filament wires by (a) designing a matching configuration which 
places the r-f current maximum at the midpoint of the wire, and (6) by limiting the upper 
frequency to that corresponding to a free-space wavelength of about 8 times the length 
of the wire (reference 7). Platinum wires have given satisfactory results up to 10,000 
megacycles. Bead thermistors, which are more nearly ideal “‘lumped’’ elements, have 
been used up to 25,000 megacycles, where they have shown discrepancies less than 5 per 
cent when checked against calo- 


length), varies between the limits 
shown in Fig. 7 (reference 20). To 
eliminate these uncertainties in 
measurement and interpretation of 
power quantities it is evidently de- 
sirable to use a detector that pre- 
4 sents a nearly matched impedance. 
Load VSWR Wide-band, pretuned detectors, in 
addition to being especially con- 
venient to use, inherently meet the 


10 logy, 


o8 rimeter standards. 

Requirement 3 must be met by 

A transforming the a-c resistance 

23 component to the transmission 

Esc line’s characteristic impedance 

Ece with a matching network in which 

335 considerable care is taken to elimi- 

e 25 nate extraneous circuit losses from 

650 sliding contacts, joints, and con- 

Se ductors. This problem is simpli- 

€ fied by (a) biasing the thermal re- 

sistor to a reasonable resistance 

(50-200 ohms) and by (6) design- 

ing a low-Q matching configura- 

tion, which tends to eliminate high 

current concentrations (standing 

es waves) in the detector. 

a2 The power absorbed (and there- 

ES fore measured) by a detector load 

Eof is a function of both source and 

coe load impedances, and, depending 

Ee upon relative phase angles (or line 
23 
es 
Fs 


¥ For the above VSWRs, line lengths are chosen so that 


P; =least power and P»,= most power in the load. . . 
Available power Pg could be delivered if conjugate low-Q requirement. Table 3 lists 
impedence-matching transformers were used in the line. the band widths that have been 
Fic. 7. Power Delivered by a Mismatched Source to a Mis- nealized fonueypical pretuned be- 
matched Load lometer detectors using thermi- 
stors. 


Since the r-f impedance varies with it, the thermal resistor’s d-c resistance must be 
kept nearly constant by varying (with temperature) the biasing power by methods peculiar 
to the bridge measuring circuit. 


Table 3. Bandwidth-Impedance Characteristics of Typical Pretuned Thermistor 


Detectors 
Frequency Band Maximum D et gnai Thermistor Operating 
in Megacycles VSWR ALE ees Cae Resistance in Ohms 

5°£0: 600. nae eee lez Coaxial Characteristic Z of line 
100%60=)500.... So. cere eis 1.4 Coaxial 100 
2900517295 cae 1.4 Coaxial 100 
3/00) 82195. oer 1.4 Coaxial 100 
4500 = TIM a comers 1.4 Coaxial 125 
4100 T2295 G hee tae laz Wave guide 75° 

2in. X lin. OD 
4600 +-.8.2%.......2.. 1.1 Wave guide 75 

2in. X lin. OD 
9.050 2E 26ers cee 1.4 Wave guide 125 

11/4 in. X 5/g in. OD 
24,000 + 4.2%........ 1.4 Wave guide 125 


1/2 in. X 1/4 in. OD 
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Bolometer Bridge Circuits. Biasing and power-indicating circuits are designed to accom- 
modate characteristics such as those shown in Table 2. Resistance changes are most 
accurately detected in bridge circuits such as Fig. 8 which illustrates the simplest method 
of introducing biasing power and measuring r-f power. Power can be directly measured 
as the difference of the two d-c biasing powers required for reference resistance, one before 
and one after r-f power is applied. However, this simple method contains three important 
disadvantages: (1) since the r-f power may be a small difference of two relatively large 
d-c powers, small meter-reading errors may introduce 
large errors in the difference power measurement; (2) Milliammeter 
r-f power is not continuously indicated; (3) the unbal- 


Microammeter 
ance caused by external temperature changes subse- 


quent to initial balance conditions are indistinguishable Bolometer 
from r-f power changes. 2s detector’s 
5 é§ ‘ thermal 
Difference errors, (1), can be reduced by interposing a resistor 
resistance network between the bridge and a current or F ; aise 
Ree 5 Fie. 8. Simple Bridge Circuit for 
voltage source which is kept constant at a precisely mea- Bolometer Detectors 


surable single value. The network must contain accu- 
rately known resistance elements, one or more of which are switched in or out in small and 
known steps. Biasing powers are then deduced from settings on the switch. 

Within the accuracy limitations imposed by (3), unbalance current can be used as a 
continuous indication of relative r-f power level; absolute power can be deduced from a 
calibration of the unbalance sensitivity. This sensitivity calibration will be an uncritical 
but not negligible function of temperature unless the d-c voltage across the bridge can 
be kept constant (this can be made possible by using variable low-frequency biasing power 
to balance the bridge initially). Resistance unbalance must be limited to a maximum value 
dictated by the detector’s r-f matching requirements. 

The lowest power that can be accurately measured is limited by (3) and the temperature 
coefficient of the thermal resistor. For example, from Table 2, a subsequent temperature 
change as small as +0.1 deg cent would cause a 3-db error in measuring powers of 2.5-5 ww 
and 0.1 db in measuring powers of 0.25-0.5 mw. These errors can be materially reduced 
by (a) using thermal insulation, (6) using large metal masses to limit the rate of temperature 
change, (c) interposing between the source and the detector an essentially instantly oper- 
able cut-out switch, reactive gate, or attenuator which can then be used to remove r-f 
power rapidly to check the initial balance, and (d) using temperature-compensating 
bridges. A combination of all the above techniques is usually required for accurate power 
measurements in the range of 5-100 pw. 

A practical solution to the disadvantages of the simple bridge circuit has been to com- 
bine all the remedies into a more complex circuit such as Fig. 9. The thermal resistor in 
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Fia. 9. Temperature-compensating, Self-calibrating, Direct-reading Bridge Circuit for Bolometer 
Detectors 


the bolometer detector is used as the regulating element in a conventional bridge-regulated 
oscillator. The oscillator automatically delivers enough power to the thermal resistor to 
bias its resistance very close to the bridge-balancing value (within 1 per cent). The oscilla- 
tion power level will therefore vary with ambient temperature with a coefficient determined 
by the temperature coefficient of the thermal resistor. From Table 2, this coefficient 
would be —0.05 mw/deg cent for the platinum wire and —0.1 mw/deg cent for bead 
thermistors. +a 

The output of the low-frequency oscillator is also delivered to another bridge which 
contains a compensating and measuring thermal resistor (never excited by r-f power) of 
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the same type as that used in the bolometer detector. When F; is properly adjusted the 
power received by the compensating resistor varies with temperature at a rate equal to 
that required by this resistor to be biased to a constant resistance. Both thermal resistors 
must be subjected to identical external temperature variations. Intimate thermal cou- 
pling can best be accomplished by burying the compensating thermal resistor in the 
same metal mass (preferably large) which forms the outside boundaries of the bolometer 
detector. 

As a net result the measuring bridge remains balanced, even though temperature 
changes, until r-f or incremental d-c power is applied to the bolometer detector. The d-c 
biasing powers are kept constant so that the unbalance sensitivity of the measuring bridge 
does not vary with temperature. The overall sensitivity is established at one power level 
by using the d-c calibrating network which introduces a known increment of d-c heating 
power in the bolometer detector. Other unbalance current readings can be related to the 
calibrated point from a knowledge of the indicator law. Both the measuring bridge net- 
work and the intrinsic characteristics of its thermal resistor influence the law of unbalance 
current versus power input. In general, this law is not exactly linear, but it can be accu- 
rately calibrated by exciting the detecto? with a convenient low-frequency source whose 
relative output power is varied in known ratios by a low-frequency attenuator. 

Accuracy. It is usually practical to limit errors from r-f sources to very low values, 
and then power-measurement accuracy is primarily governed by the d-c calibrating and 
indicating circuits. The circuit of Fig. 9 can be used to measure full-scale powers with 
less than +0.1 db error, half-scale powers within +0.2 db, and quarter-scale powers within 
+0.3 db. On an indicating meter whose resistance is equal to the bridge arms, deflections 
of 200 and 50 microamperes per milliwatt are typical for thermistors and platinum wires 
respectively. Therefore powers below 1/4 mw cannot be very accurately measured unless 
meter-reading errors are kept low by using sensitive galvanometers or very stable indicator 
amplifiers; it is then possible to attain accuracies of +0.4 to 0.6 db down to 5-10 uw. 
However, the severe temperature drift problems must be solved by exacting methods as 
discussed above. 

MEDIUM AND HIGH-POWER MEASUREMENTS BY BOLOMETRIC METHODS. 
Bolometer detectors containing thermal resistors which are less sensitive and require 
higher biasing powers than those in Table 2 (references 7, 8, 27) can be used to measure 
powers up to 100-200 mw. In general the methods are the same as those outlined above. 
Alternatively, fixed or variable r-f attenuation of known value can be interposed between 
the source and a low-power bolometer detector; this method is the more flexible since 
power levels are restricted only by the power-handling capability of the attenuator. Since 
attenuators capable of dissipating power. up to several hundred watts (up to 1000 watts 
in some designs), have been realized in practice, the power range inherent in this method 
is at least 0-100 watts. 

The attenuator’s attenuation may be a significant function of frequency so that a 
calibration should be made (or obtained from the known frequency characteristic) at the 
measurement frequency. Interaction between the impedance of the source and the im- 
pedance at the attenuator’s input, and between the impedance of the detector and the 
impedance at the attenuator’s output, creates two sources of uncertainty in power measure- 
ment (see Fig. 7). These impedance interactions are preferably reduced or eliminated 
by an attenuator design which gives nearly unity match when alternate terminals are 
terminated in unity match. 

Errors from attenuator calibration instability with respect to time, ambient temperature, 
power input level, and normal handling can usually be reduced to insignificance by (1) 
selection of an appropriate type of attenuator, (2) careful attention to design and construc- 
tion details, and (3) frequent recalibration when necessary. 

The most stable fixed coaxial attenuator types have been (1) resistance-film center 
conductor, (2) lumped-element 7 or T pad, and (3) lossy dielectric. The first two types 
are generally stable up to 1 watt; using lossy ceramics and heat-radiating fins type (3) 
can be designed to handle 100-1000 watts stably. Lossy-dielectric flexible cables have 
been generally unsatisfactory. In wave guides, resistance-film (parallel to the electric field) 
types are used up to 1 watt, and lossy ceramic dielectric types up to 100 watts. In many 
respects the most satisfactory fixed attenuators (in either coaxial or wave guide) have been 
directional couplers. “Attenuation stability is unquestionably high. Attenuations above 
10-15 db give the best impedance characteristics. Stringent directivity requirements are 
not necessary. Power-handling capability is limited solely, and input impedance primarily, 
by the main line termination, which may be a useful load or a dummy load of the lossy 
dielectric type (reference 15) or, for low powers, a resistance-film termination. The output 
impedance is governed primarily by the low-power termination in the auxiliary guide. 
It is practical to limit input and output impedance mismatches to 1.1 and 1.05 VSWR in 
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coaxial and wave-guide lines respectively. The attenuation ratio for “‘side-hole”’ direc- 
tional couplers in wave guide can be predicted within 0.5 db from: 


Power output 1 1 ih 1 i acs 
put _ l uf | 


Power input Zbl 22 wees ‘tela ie 


4.2w*h ‘ t 4/ dn\? | 
fn [ Nam | antilogio [6H 1— (un +) | (2) 


where w and h are, respectively, the inside width and height of the main and auxiliary 
wave guides, ¢ is the wall thickness through which the nth hole of diameter d is bored, 
and ) and 2, are free-space and wave-guide wavelengths respectively. 

When fixed attenuators are used, the required attenuation must be related to the power 
input and of such a value that the output power can be read on the power-meter scale; 
further, the reading must be kept high enough to avoid meter-reading errors. With any 
single attenuator the power-measuring range is usually limited (by the bolometer and its 
indicator circuits) to about +5 db from a center value. This range is usually adequate; 
however, it can be expanded by means of a variable attenuator preceding the bolometer 
detector. Meter-reading errors are made negligible by adjusting the attenuator to produce 
a standard metér deflection (for example, 1 mw); power,is then read directly in decibels 
above 1 mw. Variable attenuators of the types discussed on p. 11-83 stably handle powers 
up to about 0.5 watt. Because of its high minimum loss the below cut-off types cannot be 
conveniently used on powers below about 0.1 watt. Variable attenuator methods may not 
be quite as accurate (with a possible exception for low values of variable attenuation) as 
using a single, fixed attenuator which (1) does not contain sources of mechanical error, and 
because of its rigid construction may in general be arranged to (2) possess a better imped- 
ance match, (3) contain more stable loss elements, and (4) have a better frequency char- 
acteristic. 

Accuracy. By methods suggested below, 0-60 db attenuators can be calibrated with 
accuracies of +0.1-0.2 db. Therefore bolometric-attenuation methods are capable of 
giving +0.2-0.3 db accuracy on powers between 0.01 watt and 100 watts. 

PEAK POWER MEASUREMENTS. Measurements of the peak power of amplitude- 
modulated waves can be accomplished by using a bolometer power meter to calibrate 
the sensitivity of a crystal-detector oscilloscope-indicator combination on continuous-wave 
power. The amplitude-modulated wave’s peak power is then reduced by calibrated r-f 
attenuation to produce a reference oscilloscope deflection (reference 15). 

VOLTAGE AND CURRENT MEASUREMENTS. Since there are no satisfactory 
instruments for measuring microwave current or voltage directly, these quantities, when 
needed, must be computed from 
measurements of power and im- (2 <—Mater 
pedance. 

HIGH-POWER MEASURE- 
MENTS BY CALORIMETRIC 
METHODS. Powers above 10— 
20 watts can be accurately mea- 
sured by calorimetric methods 
which are more fundamental but 
are less convenient to use than 
bolometer-attenuator methods. 
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by continuously circulating fresh water through the chamber. The r-f power can be 
computed from its heating effect on the water; if the outlet water temperature is At deg 
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cent higher than that of the inlet water and the rate of flow is m grams per second then 
w = 4.18m At watts. 

Temperature rise is most sensitively indicated on a microammeter deflected by d-c 
current generated by the differential action of series-connected thermojunctions placed 
alternately in the inlet and outlet water. The rate of flow is kept nearly constant during a 
measurement period by having a constant-head water source which is most simply a 
continuously refilled container of water mounted a fixed height above the water load. 
Calibration of the overall sensitivity can be accomplished by dissipating measurable d-c 
or low-frequency power in a resistor which is immersed in, and therefore heats, the water. 
A rate of flow different from that during measurement necessitates a proportional correc- 
tion factor, so that relative flow rates must be checked. Alternatively, r-f power can be 
continuously compared to the low-frequency calibrating power by using a balanced bridge 
made up of thermojunctions in the water on each side of the calibrating resistor and on 
each side of the r-f water load; power measurement is then independent of water flow rate. 
Uncertainties about the effects of spurious heat conduction must be eliminated by having 
adequate thermal insulation between hot and cold junctions. Errors from heat lost by 
air conduction, and thermal conduction down the line, are minimized by keeping the 
temperature rise low (order of 1 deg cent), which requires a high rate of flow. Unfor- 
tunately this reduces sensitivity so that either a large number of thermojunctions or a 
sensitive microammeter is required to avoid meter-reading error. For example, a specific 
design using 16 hot and 16 cold junctions gave a 60-microampere deflection on a 10-ohm 
meter for an input power of 20 watts when the rate of flow was 3 cc/sec. 

High-Q matching transformers such as the simple, single, quarter-wavelength dielectric 
retainer illustrated in Fig. 10, can match the water load to the transmission line satis- 
factorily over only a narrow frequency band (VSWR within about 1.2 over +3 per cent) 
(reference 7), and the internally created high standing waves may cause arcing on high 
powers. Low-Q, wide-band, matching methods are usually preferable and may be re- 
quired. One such method is to couple the main transmission line (coaxial or wave guide), 
by means of quarter-wavelength spaced holes (or slits) of progressively increasing sizes, 
to an auxiliary line containing a longitudinal dielectric tube through which the water 
flows; this tube forms the center conductor in coaxial line and is axially centered in wave 
guide. Or a tapered water termination can be simply accomplished in wave guide by 
mounting the wave-guide transmission line at a slight angle with respect to the horizontal. 

Accuracy. Reflection loss and other r-f errors can be held to insignificant values by 
suitable design. Power-measurement accuracy is governed primarily by errors in calibrat- 
ing standards, meter reading, and thermal loss. These errors are reduced in practice to 
values such that accuracies of 0.25-0.35 db are commonly attained for measurements of 
power between 20 and 100 watts. 

COMPARISON OF CALORIMETER AND BOLOMETER-ATTENUATOR POWER 
READINGS. A calorimeter and bolometer-directional coupler attenuator combination 
can be simultaneously excited by the same source; it is thus possible to compare readings 
directly. Both devices, when carefully designed, are capable of such high accuracy that 
cross-checks usually show differences no greater than the possible inaccuracy of the 
attenuator calibration. If the calorimeter is the more reliable it can be used to calibrate 
the bolometer-attenuator combination, which can then be used with equivalent accuracy 
and greater convenience to measure high powers. 


34. ATTENUATION MEASUREMENTS 


Attenuation is defined as the ratio of the input to output power levels in a network 
when it is excited by a matched source and terminated in a matched load. When the 
latter specifications are met by the measuring circuit, uncertainties in the measured quan- 
tity are avoided, but in actual use neither the source nor the load may be exactly matched. 
To prevent uncertainties in its action under such conditions (see Fig. 7), accurately cal- 
ibrated attenuators are usually designed to present nearly matched impedances when 
alternate terminals are terminated with matched loads. 

Attenuation is most accurately measured by insertion methods. Readings are obtained 
first without the unknown, then with the unknown inserted between a source and an r-f 
detector (or mixer). To avoid impedance interaction errors (1) the r-f detector must be 
well matched (by preceding it with a well-matched attenuator if necessary), (2) the source 
oscillator must be adequately decoupled, and (3) the source impedance must be well 
matched. The last condition can be assured and additionally the source may be kept 
cas soln the measuring period by monitoring its output with a directional coupler 

see Fig. 4 
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Three methods for accurate attenuation measurement will be discussed: (1) comparison 
against the calibrated law of a bolometer power meter, (2) comparison against a calibrated 
i-f attenuator in a heterodyne receiver, and (3) comparison against a calibrated or known 
r-f attenuator. 

BOLOMETER POWER METER METHOD. The source is first terminated by the 
bolometer detector, then by the attenuator whose output is terminated by the bolometer 
detector. Attenuation is calculated from the ratio of the first to second power readings 
on the power meter. Since only a ratio is involved, absolute powers need not be known; 
therefore measurement accuracy is primarily limited by (1) meter-reading accuracy, (2) 
bolometer detector law calibration, and (3) temperature (zero) drift. Limitation (1) is 
the most important in measuring low attenuations (0-3 db) for which accuracies of +0.05 
db are practical. The accuracy of 3-13 db measurements is limited by (1) and (2) to about 
+0.1 db. By using input and output power levels between 10 and !/2-1/19 mw, attenua- 
tions of 13-20 db are measurable within +0.1 to 0.2 db accuracy which is controlled by 
all three limitations. 

HETERODYNE RECEIVER METHOD. In the heterodyne receiver method the input 
to the second detector is kept constant by using a calibrated attenuator preceding the 
intermediate frequency band-pass amplifier. I-f band widths of 0.1 to 3 megacycles with 
center frequencies of 30 or 60 megacycles are commonly used. Attenuation is deduced 
from two settings of the i-f attenuator, one with and one without the unknown between the 
source and the mixer. Differential frequency stability requirements can be met by in- 
corporating an automatic frequency control circuit, or, more simply, they can be materially 
reduced by using a frequency-modulated mixer oscillator. Correct difference frequency 
occurs simultaneously with peak output which is displayed on an oscilloscope or a d-c 
meter preceded by a peak rectifier. Sweep methods permit the alternative use of video 
instead of i-f amplification and calibrated attenuation. 

The minimum signal which is accurately discernible in the presence of noise interference, 
and the maximum signal on which the mixer is linear, usually bracket the maximum 
measurable attenuation to about 50-70 db; such high-level differences cannot be accurately 
measured unless high-level radiation and low-level pick-up are eliminated by carefully 
shielding all joints in the transmission line and r-f components. For example, oscillator 
tubes must be mounted in shielding containers into which power is supplied through r-f 
filters (reference 17). Maximum signal levels for which the mixer operates linearly can 
be determined by comparing its law against that of a bolometer power meter over a single 
or consecutive 10-13 db ranges. In the 
linear region a power meter, monitoring 
and indicating relative r-f signal levels, 
can also be used to calibrate or check the 
i-f attenuator. Attenuations between 0 
and 60 db are measurable with an accu- 
racy of +0.1-0.2 db with heterodyne re- 
ceiver methods. 

R-F ATTENUATOR METHOD. In 
the calibrated r-f attenuator method all 
questions about linearity are eliminated, 
since the input power to the first detector 
(or mixer) is held constant. Attenuation 
of the unknown is deduced from two set- 
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A calibrated variable r-f attenuator B. Below-cutoff type used 
may be a resistance-film type (reference with waveguide lines 


27) (one for wave guide is illustrated in 
Fig. 11), variable between 0 and 40 db by 
a precision mechanism which can be ca- 


pable of a combined setting and reading BG 

accuracy of +0.1 db. Such attenuators 

must be calibrated and should be checked Resistance film 

periodically by some other, more funda- C. Resistance-film type for waveguide lines 
mental method, which may introduce an Biehl Has Viaria blows tteduaters 


additional error of +0.1 db. However, 
the importance of this lack of accuracy is often outweighed by considerations of the con- 
venience inherent in (1) measurement of unknown attenuation by r-f attenuator com- 
parison methods, and (2) use of resistance-film attenuators in them. 

The most stable variable attenuator standards are of the wave-guide-below-cutoff type,. 
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and these are the only types for which incremental attenuation ratios can be calculated 
in advance (references 21 and 15). Measurement of unknown attenuation by comparison 
against such an attenuator is therefore a fundamental method. Unfortunately the min- 
imum loss, above which the attenuation law is calculable without uncertainty, is around 
20-30 db and may be higher if input and output impedances are corrected by using masking 
attenuation (reference 27). Below-cutoff attenuators therefore require the use of high- 
sensitivity indicators which may be (1) heterodyne receivers or (2) simply low-frequency 
band-pass amplifier detectors for which the signal must be amplitude modulated. The 
noise level may be higher in the latter system, but it is more conveniently used since 
only one r-f signal source is required. Accuracy is primarily limited by (1) imperfections 
in the attenuator mechanism, (2) indicator time stability, and (3) impedance interaction. 
In practice these factors have been controlled sufficiently well to allow +0.2 db accuracy 
for 0-40 db attenuation measurements. 


35. FREQUENCY MEASUREMENTS 


Two general methods can be used to measure frequency: (1) direct comparison with 
‘harmonics of a known frequency source (reference 22) (heterodyne frequency meter 
method), and (2) resonance in a tunable resonator (wavemeter method). Except where 
the highest accuracy is needed, method (2) is the more practical since measurements can 
be made quickly and with the minimum of equipment. A transmission line propagating 
the unknown frequency is coupled to the resonator which is adjusted to resonate at that 
frequency; resonance is indicated by the response of a detector of relative power level 
in a load which terminates the transmission line. 

Transmission-line resonators can be constructed to be self-calibrating by incorporating 
enough linear motion so that the positions of several resonances separated by half-wave- 
lengths can be measured (lecher wire method). However, the calibration accuracy is 
only about 1 part in 10°. The more accurate practice is to incorporate just enough travel 
to cover the desired frequency band and to calibrate the resonator by method (1) above; 
in this manner absolute accuracies of 1 part in 104 can be obtained. 

RESONATORS. Resonators can be divided into two general classes: (1) resonant 
transmission lines (coaxial or wave guide), and (2) resonant cavities. Resonant transmis- 
sion lines are shorted at one end and 
tuned by adjusting the line length to 
the other end where it is open or 
short-circuited. Resonant cavities 
are tuned by adjusting a reactance 
(physical discontinuity) in the elec- 
tromagnetic field. On transmission- 
line resonators the calibrated line 
length changes almost linearly with 
transmission-line wavelength (refer- 
ence 1); one specific type of cavity 
resonator, really a hybrid combina- 

A. Coaxial resonator tion of TMO10 cavity and coaxial 
line, can be constructed to have a 
; fae nearly linear calibration versus fre- 
Cee ae quency over a band width as great as 
; . ISS 12 per cent (reference 24). 

Table 4 illustrates underlying re- 
quirements to be met for accurate 
frequency measurement by listing 
the general characteristics of two of 
the simplest types of transmission- 
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Lossy dielectric /  Anti-backlash spring line resonators (Fig. 12). These res- 
masking bearing onators are designed for approxi- 
contact mately optimum performance when 

iB retiumodetresonator diameters are limited so that only 
RianlouaVavometern Resonators the dominant mode (reference 1) 


(Section 7) can propagate. Coaxial- 
line resonators are generally satisfactory in the 1500-10,000 megacycle range; wave- 
guide resonators are superior in the 10,000-25,000 megacycle range where the Q of 
coaxial-line resonators become too low. In this latter range wave-guide resonators using 
the TE01 mode and special mode suppression techniques can be used to attain higher 
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realizable Q’s (see Section 7), but the advantage will be slight unless corresponding 
improvements can be introduced to reduce errors caused by imperfections in the tuning 
mechanism. : 

WAVEMETERS. The combination of a resonator coupled to a section of transmission 
line (to which an unknown frequency source and a detector can be coupled) will be desig- 
nated as a wavemeter. Wavemeters are classified according to the way the resonator 
tuning affects transmission: (1) transmission type, and (2) suppression type. For the 
first type, the resonator must contain two orifices, probes, or loops, which allow the 
resonator to be connected in tandem with the transmission line; at resonance, power is 
transmitted through the resonator, and resonance is indicated by a maximum response on 
the indicator. The second type employs a single orifice, probe, or loop, to couple the res- 
onator’s impedance into the transmission line. The coupled impedance tends to suppress 
the resonant frequency which is indicated by a minimum response on the detector. 


Table 4. Typical Wavemeter Characteristics 


These lente! Possible Errors from 
Frequency tical bl Imperfect Selectivity, Quarter Inside Dimensions: 
Band Limits ape: ees Imperfect Tuning Wave- Diameters and 
As OS Mechanism, Impedance length Lengths 
Mismatch 
Afa Afm Afz dy dz l 
BUG Q Qab Mc Me Me N in. | in. | in. 
Coaxial line 
1,500 9,200 8,000 0.01 0.03 0.01 3 0.65 | 2.35 | 5.90 
2,500 11,500 0.02 0.07 0.01 3.54 
3,600 7,500 7,000 0.04 0.09 0.03 5 0.32 | 1.20 | 4.14 
5,000 8, 400 0.05 On2) 0.04 2.95 
8,500 5,800 3,500 0.2 0.2 0.1 11 0.16 | 0.59 | 3.83 
10,000 6, 200 0.2 0.3 0.1 3.24 
19, 100 4,300 1,800 0.8 0.6 0.5 19 0.08 | 0.29 | 3.10 
20,000 4,400 0.9 0.7 0.6 2.80 
22,800 3, 800 1,200 [553 0.8 1.0 21 05067 |80'923" |" 2.72 
25,000 3,900 1.6 1.0 1.0 2.48 
TEI1 mode round 
- wave guide 
2,060 23,000 | 20,000 OLSON ete 0.01 2rath belaverateesd 3-62) | 723 
2,500 25,000 0.03 S26 
4,390 19,000 | 17,000 0.02 0.2 0.01 Ces Se aes LS e535 
5,000 21,000 0.6 3.6 
9,050 15,000 | 10,000 0.08 0.07 0.05 GMS oe |Seere On9OR F326 
10,000 0.15 ay 
18,700 11,000 7,000 0.2 0.2 0.1 TRU mie leer es 0.45 | 2.7 
20,000 0.4 2.3 
23,700 10,000 5,000 0.4 0.3 0.2 U2ie wp leps sistas 0.365) 2.5 
25,000 0.5 2.1 


Transmission-type wavemeters are not favored for general frequency measurement, 
primarily as a result of the characteristic lack of energy transmission unless the tuning 
is adjusted for near-resonance. Failing to find a response on the detector, the operator is 
faced with uncertainty as to the adequacy of the power output of the source or the sensi- 
tivity of the detector, and this is especially troublesome if either or both must also be 
tuned. A suppression type is capable of just as accurate frequency measurements, and 
it is more convenient to use. 

FREQUENCY MEASUREMENT WITH SUPPRESSION-TYPE WAVEMETERS. 
The simplest arrangement for measuring frequency on a transmission line is that shown 
in Fig. 13A. In the process of measuring frequency the impedance to the source is altered, 
and this may change its frequency unless avoided by keeping adequate attenuation be- 
tween the oscillator and wavemeter. Normal operating conditions are restored by detun- 
ing the resonator. In good designs a detuned wavemeter should not create a VSWK in 
excess of 1.1. This circuit finds a wide application where only a spot check on the frequency 
of low-power sources is needed. Figure 13B shows an arrangement for continuously 
monitoring frequency with a negligible disturbance of energy level and impedance condi- 
tions in the main transmission line. In some cases it may be more practical to couple the 
auxiliary to the main transmission line by means of a single orifice, probe, or loop, but a 
directional coupler is preferred because less masking attenuation is needed for the wave- 
meter to operate out of a matched impedance, a condition for which it is calibrated. 
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Wavemeters should be calibrated and operated only in nearly matched circuits because 
reactances introduced by the source, or load, or both, change the frequency of minimum 
response. Using the lumped-element equivalent circuits in Fig. 14 for analysis, the 
magnitude of frequency change can be estimated from: 8AfQay = f(Bs + Bi), where 
the mismatched source and load introduce impedances having normalized susceptance 
components B, and B; at the plane of the resonator coupling. By using masking attenu- 
ators wherever necessary, it is usually practical to limit both the source and load impedance 
mismatch to 1.2 VSWR; highest value for (B; + Bz) = 0.4. The errors in Table 4 were 
computed on this assumption and on the assumption that the wavemeter was calibrated 
in a perfectly matched transmission line. “ 

The mechanical system used for tuning and indicating the resonant frequency contains 
potential sources of predominant error. The error in interpreting resonant frequency 
from a scale reading can be estimated from: Afn = +MAI, where M is the rate of change 
of resonant frequency with tuning plunger movement in megacycles per inch and Al is 
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the maximum possible sum of (1) backlash between the driving mechanism and the scale, 
(2) non-linearity in driving mechanism between calibration points, and (3) uncertainty 
in reading the scale. In Table 4, Al was assumed as 0.0001 in.; even with this high order 
of mechanical precision the errors are large. These errors can be lowered by reducing M@ 
(band spreading). In resonant-line resonators this can be accomplished by increasing n, 
the number of quarter or half wavelengths. However, a compromise is usually made 
between tolerable error and the frequency range for which all resonant settings are unique. 
An alternative method for band-spreading wave-guide resonators is to operate near cut-off 
frequency for the resonant mode (reference 1); but this restricts band width more than 
the first method. 

Both the resonator’s Q factor and the tightness with which it is coupled to the trans- 
mission line influence the selectivity of response in the detector. Using the circuits in 
Fig. 14 for analysis it can be shown that the possible error in tuning the wavemeter result- 
ing from inability to discern the absolute minimum response on a power indicator is: 


APA—1]|% 
2AfiQar = | = ai | 2 (3) 


wy = 

where Qap is the Q of the total impedance between terminals a—b (not the “loaded Q”’); 
Qa» is always less than the theoretical Q, (reference 1), and typical values for copper 
resonators, based upon experimental data (A = 2), are shown in the table. The suppres-| 
sion loss ratio, A, is the ratio of the power in the load when the resonator is completely 
detuned, Pm, to the power in the load when the resonator is tuned. The minimum dis- 
cernible change in power expressed as a fraction of the detuned power is AP/Pm. This 
equation is accurate only for AP/Pm below about 10 per cent. Assuming that P» gives 
full-scale deflection and that a power change of 0.5 per cent of full scale can be discerned, 
Table 4 gives the possible errors for some typical resonators. 

Differential Accuracy. For well-constructed wavemeters the exact calibration curve is 
everywhere smooth and regular. If terminating reactances remain constant the accuracy 
in measuring small frequency differences is primarily limited by the last two factors above. 
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Each one of these errors can enter twice. According to Table 4, differential measurements 
‘can be made with an accuracy no worse than about 1 part in 104. Accuracies of 5 in 105 
are commonly realized in practice. 

Wavemeter Calibration. Three somewhat different methods can be used to calibrate 
the wavemeter against low-frequency standards. In the first method the wavemeter is 
adjusted to resonate at a c-w frequency supplied by a local microwave oscillator; this 
frequency is then measured with a precision heterodyne frequency meter (accurate to 1 
part in 10°) such as shown in reference 22. 

In the second method, microwave frequencies standards are harmonically generated 
from low-frequency standards; a calibration is then made by adjusting the frequency’meter 
to resonate on these standards (reference 27). The response must be detected in a high- 
gain low-noise detector such as a dou- 
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gradually reducing the sweep to zero 
while keeping the marker in the center of the mode; a beat note in the head phones can 
be tuned in and retained by trimming adjustments on the frequency. 

Conventional methods employing a master crystal-controlled oscillator and vacuum- 
tube multipliers can be used for generating the standard frequencies up to 800 megacycles 
(see p. 7-92). These frequencies are then multiplied 20 to 60 times in a silicon crystal 
rectifier mounted in the microwave transmission line. The harmonic number can be easily 
identified by a roughly calibrated or self-calibrating wavemeter. High burn-out crystals 
(reference 6) are recommended since they handle more input power. The microwave 
signal power so produced is of the order of —20 to —50 dbm. A severe requirement is 
therefore placed upon the noise figure of the high-gain detection system used to amplify 
the response to a usable amplitude. 

Absolute Accuracy. By the above methods standard frequencies can be known to an 
accuracy of 1 part in 10°. Adding to this the accuracy with which these standard frequen- 
cies can be transferred to the wavemeter calibration curve (limited primarily by the first 
two errors listed in Table 4) results in a typical absolute calibration accuracy of about 5 
parts in 10°. Then, assuming that corrections for temperature and humidity can be made 
with negligible error, adding all three errors in Table 4 to the calibration accuracy, a typical 
wavemeter can be used to measure frequency with an absolute accuracy of 1-2 parts in 104. 

Correction for Temperature and Humidity. In order to interpret the resonant frequency 
from a scale reading and the calibration chart accurately, corrections must be made to 
allow for the effects of any change from the reference temperature and humidity conditions 
under which the resonator was calibrated. Two effects operate independently, and the 
corrections for them can be computed separately, then added algebraically: (1) tempera- 
ture changes induce thermal expansion or contraction of the resonator’s internal dimen- 
sions; (2) combined temperature and relative humidity changes vary the dielectric constant 
of the air inside unsealed resonators (reference 28). 

The correction for thermal expansion of homogeneous resonators can be computed from: 
Af = —Chf At, where Af is the frequency correction to be added to the resonant frequency 
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fo indicated by the calibration chart, A; is the change in temperature from that for which 
the calibration chart was prepared, and C is the coefficient of linear expansion for the 
resonator material. The correction is small for resonators made of Invar; Af/fo is about 
+5.5 X 1077 for +1 deg fahr temperature change. For the same temperature change 
Af/fy is about +6.6 X 107 for steel resonators, and +1 X 10~° for brass resonators. 

Corrections for the effect of dielectric constant changes are given in Table 5, which 
applies for unsealed resonators operated at sea-level atmosphere (reference 27). The 
corrections are to be algebraically added to the indicated resonant frequency (assuming 
that the calibration was made, or normalized, for 25 deg cent and 60 per cent relative 
humidity conditions). It will be observed that for +10 per cent change in relative 
humidity the correction is +1.3 X 107 at 25 deg cent. 


Table 5. Resonant-frequency Correction for Humidity Changes in Unsealed Resonators 


Temper- Relative Humidity, per cent Temper- 
ature, ature, 
deg cent 20 30 40 50 60 70 80 90 100 deg fahr 


0 +0.0050 | +0.0045 | +0. 0042 | +0.0050 | +0. 0038 | +0. 0035 | +0. 0032 | +0.0028 | +0.0025 32 
5 +0. 0052 | +0.0048 | +0.0042 | +0.0040 | +0.0035 | +0.0032 | +0.0027 | +0.0022 | +-0.0018 41 
10 +0.0055 | +0.0049 | +0.0042 | +0.0038 | +0.0031 | +0.0025 | +0.0020 | +0.0013 | +-0.0008 50 
15 +0. 0055 | +0.0048 | +0.0041 | +0.0032| +0.0024 | +0.0015 | +0.0010 | +0.0001 | —0.0006 59 
20 +0.0055 | +0. 0045 | +0. 0035 | +0.0025 | +0.0015 | +0.0005 | —0.0006 | —0.0015 | —0.0025 68 
25 +0.0055 | +0.0041 | +0.0028 | +0.0013 | +0.0000 | —0.0013 | —0.0025 | —0.0040 | —0.0055 77 
30 +0. 0050 | +0. 0032 | +0.0025 | —0.0003 | —0.0018 | —0.0038 | —0.0052 | —0.0071 | —0.0080 86 
35 +0.0045 | +0.0023 | +0.0002 | —0.0022 | —0.0045 | —0.0067 | —0.0089 | —0.0100 | —0.0133 95 
40 +0. 0030 | +0.0010 | —0.0018 | —0.0047 | —0.0075 | —0.0105 | —0.0131 | —0.0158 | —0.0188 104 
45 +0.0027 | —0.0007 | —0.0043 | —0.0078 | —0.0115 | —0.0150 | —0.0186 | —0.0221 | —0.0256 113 
50 +0.0014 | —0.0031 | —0.0075 | —0.0119 | —0.0163 | —0.0209 | —0.0252 | —0.0295 | —0.0340 112 


Frequency correction, per cent to be added to indicated reading, for resonators calibrated at 25 deg cent and 60 per 
cent relative humidity. 


Frequency Tuning. Suppression loss ratios lower than 2 increase the difficulty in 
finding the region of resonance when the response is indicated on a d-c meter; since meters 
are inherently sluggish the narrow resonant region can be easily missed. For example, 
the resonant region in terms of band width between the two frequencies for which the power 


change is half the total null change is only AfQa, = (VA. On wide-range wavemeters it 
is often desirable to keep this resonant region relatively wide by purposely designing for 
only a moderate value of Qa». 

High-suppression moderate-Q requirements are relatively unimportant when a-m 
(including pulsed) wave envelopes are displayed on an oscilloscope screen. Since oscillo- 
scopes respond to rapid level changes a reaction can usually be discerned, even though the 
resonant region be tuned through rapidly. In some cases suppression-loss ratios as low 
as 1.1 to 1.2 may be desirable in order to avoid excessive distortion of the oscilloscopic 
pattern in the region of resonance. 

The oscilloscope pattern in Fig. 16 illustrates the superposition of a wavemeter null 
(“pip’’) at two frequencies on the envelope of the output of a klystron oscillator which is 

being frequency and amplitude modulated by a sawtooth voltage 
on its repeller (reference 9). The ‘‘pip” can so easily be located 
on this type of wave that auxiliary facilities comprising an adjust- 
able sweep voltage and a crystal detector with oscilloscope indi- 
cator provide a convenient method for quickly tuning klystron 
Fic. 16. Wavemeter SOurces to required c-w frequencies (as set on the wavemeter). 
“Pips” on Klystron Mode The initial sweep voltage is large enough to sweep through an oscil- 
lation mode completely, regardless of the initial settings of the 
oscillator tuning controls; tuning is adjusted until the wavemeter pip appears at the tcp 
of the mode. The sweep voltage is then gradually reduced to zero and the oscillator 
tuning controls are simultaneously adjusted to keep the ‘‘pip’’ centered on the mode. 
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SIGNAL GENERATORS AND POWER MEASUREMENT 


By F. J. Gaffney 


A signal generator is a source of alternating voltage, calibrated in frequency and voltage 
(or power output into a specified load), and with good modulation characteristics, and 
carefully shielded. Units are commercially available which collectively cover frequency 
ranges from audio to microwave frequencies. Designs are, in general, made as broad band 
as the limitations of oscillator-tube and power-output calibration devices (including the 
output attenuator) will allow. Problems encountered in the design of signal generators 
are: (1) the design of stable oscillator circuits, (2) the design of systems of modulation, (3) 
output voltage or power standardization, (4) attenuator design, (5) shielding. 


36. OSCILLATORS FOR SIGNAL GENERATOR USE 


Signal generator oscillators are designed for maximum frequency stability with tempera- 
ture and line voltage. Wherever possible it is desirable to load the oscillator lightly. For 
this reason it is advantageous at some frequencies to employ buffer amplifiers which feed 
the output circuits rather than to feed these circuits directly from the signal generator 
oscillator itself. 

Tubes and Circuits. Any oscillator consists essentially of a tuned amplifier with suffi- 
cient positive feedback to supply the grid losses. The frequency stability depends on the 
frequency shift necessary to restore proper 
phase in the grid circuit when the tube char- 
acteristics change as the result of line voltage, 
thermal effects, etc. This frequency shift is a 
function of the Q of the tuned circuit em- 
ployed, of the feedback system used, and of 
the method of coupling to the tube. 

AUDIO-FREQUENCY OSCILLATORS. 
For the range from a few cycles to 20 ke or 
more, various forms of rC oscillators have 
proved advantageous. This type of oscillator u 
is essentially an untuned amplifier with an Fiat Wien Bridge Oscillator 
rC filter providing the tuned feedback. The : es 
filter may be of the twin T or Wien bridge type. A diagram of the latter is shown in Fig. 1. 
The purity of waveform depends on the sharpness of the filter, which in turn depends on 


Ganged condensers 
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the tracking of the tuning condensers. Means are usually incorporated for providing an 
automatic bias on the oscillator tube to insure class A operation as the oscillator output 
changes over the frequency band. This can take the form of a non-linear resistance such 
as a tungsten lamp in the cathode circuit of the oscillator. This type of oscillator if properly 
designed can be made extremely stable and pure in waveform. One disadvantage is the 
inability of a single tuning condenser to cover a large frequency range. For this reason a 
step switch is usually provided which switches the resistances in the circuit to provide 
multiple ranges. 

For wider-range low-frequency oscillators (from a few cycles to several megacycles per 
second) beat-frequency oscillators may be used. A block diagram of such an oscillator is 
shown in Fig. 2. It consists essentially of two r-f oscillators, one fixed and one variable, 


Audio 
amplifier 


Fig. 2. Block Diagram of Beat Frequency Oscillator 


Output to 
attenuator 


Variable 
r-f osc. 


which feed a mixer tube. The difference frequency between the r-f oscillators is then fed 
through an r-f filter to an audio amplifier. This type of circuit has the advantage that a 
very large frequency range can be covered with small changes in the frequency of the vari- 
able r-f oscillator. Its main disadvantage is that the audio frequency is the difference be- 
tween two radio frequencies so that a small percentage variation in one of these frequencies 
will produce a relatively large variation in the output frequency. However, both r-f oscil- 
lators can be designed so as to be very similar in construction, and under these conditions 
they have a tendency to drift together so as to minimize the drift in the audio frequency. A 
serious problem which exists in the design of this type of oscillator is concerned with spuri- 
ous outputs produced by the beating of harmonics of the r-f oscillators. These effects can 
be minimized by utilizing pure r-f waveforms, by the use of suitable filters between r-f 
and mixer stages, and by careful mixer design for large signal mixing. 

RADIO-FREQUENCY OSCILLATORS. For the range of frequencies up to about 100 
megacycles per second, conventional lumped constant circuits may be used. Several types 
of circuits such as those described in Section 7 may be employed. In order to obtain good 
frequency stability, either impedance-stabilized oscillators or oscillators of the electron- 
coupled type should be used. With the latter type of oscillator, frequency variation de- 
pends on the ratio of the screen-grid voltage to the plate voltage, and for some value of 
this ratio the frequency variation is extremely small with variations in plate voltage. 
The electron-coupled oscillator, though good from the standpoint of stability, produces a 
poor waveform which contains many harmonics. Care must therefore be taken in the use 
of such an oscillator to insure that the harmonic content does not affect the power-measur- 
ing circuit or the receiver being tested. The frequency stability of all types of oscillators 
is improved by regulation of the B voltage. Some frequency instability can be produced 
by variation in cathode heater voltage, but this is seldom compensated for in practical 
design. Frequency stability with variation in ambient temperature is accomplished 
through careful design of the tuned circuit of the oscillator. Coil forms should be wound 
on a material having a very low coefficient of expansion, 
such as Vicor. Special attention must be paid to the de- 
sign of the variable condenser to minimize dimensional 
changes with temperature. 

At frequencies above 100 megacycles per second con- 
siderable difficulty is encountered in the use of conven- 
tional lumped circuits. The losses in such circuits be- 
come excessive at these frequencies, and the tuning range 
becomes small, since, as the inductance is decreased to 

obtain higher frequencies, the tube and wiring capaci- 

Fig. 3. | Butterfly Tuning Circuit— tances become a larger proportion of the total allowable 
400 to 1200 megacycles per second . Zi , Z 

(Courtesy of General Radio Co.) Capacitance. One solution to this problem has been in 

the use of circuits of the butterfly type such as that shown 

in Fig. 3. Here the inductance and capacitance are varied simultaneously. This has 

the effect of increasing the tuning range and simultaneously maintaining the L/C ratio. 

Such circuits have been built for frequencies up to 2000 megacycles per second. At 


frequencies above 1000 megacycles per second, however, the losses are too great for 
practical oscillator applications. 
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‘ Another approach to the problem of obtaining tuned circuits at high frequencies consists 
in the use of resonant sections of transmission line or in the use of cavity-type resonators. 
Here, radiation losses are eliminated and the distributed nature of the circuit allows cur- 
rents to flow over larger areas, thus permitting low copper losses. For a lossless trans- 
mission line length J, short-circuited at the far end, the input impedance Zin is given by: 
2Q7l 
Zin = % tan — (1) 
ON 

where 2 = characteristic impedance of the line and \ = wavelength. 

Thus, if 1 = /4,2 = ». Actually, owing to losses, transmission lines dissipate energy 
and have a Q factor which is defined in terms of band width as in a lumped constant circuit. 
Transmission line Q is approximately given by: 

21 foz 
Qe (2) 


TC 


where fo = frequency of resonance (cycles per second), z = characteristic impedance = 


VV L/C (ohms), r = resistance per unit length (ohms/meter), and c = velocity of light 
(meters per second). 
The input impedance of a quarter wavelength short-circuited line is then approximately 
given by: 
Zin = ~Q 


In the equation for Q, both z and r vary with the dimensions of the line. For maximum Q 
there exists an optimum diameter ratio for coaxial lines (for conductors of the same resis- 
tivity) and an optimum ratio of spacing to the diameter of the conductors for parallel 
wire lines. Letting this ratio be b/a for the two cases, one value of b/a gives maximum Q 
and a second value gives maximum input impedance. The values, together with the 
corresponding characteristic impedances are given in the table. 


* Coaxrat Lines PARALLEL WIRE Lines 
b/a Z0 b/a Z0 
Maxis 0. scrters 3.6 76.8 4.0 851. 
Miax.8Z,. 2h o ejetes 9.2 133.1 8.0 1934. 


With b/a constant, both Q and z increase linearly with 6. Such a line can then be used 
as an antiresonant circuit, with the resonance frequency determined by the line length. 
Actually the shapes of the curves of reactance and resistance as a function of frequency 
are not identical to those of lumped constant circuits but are quite similar near the resonant 
frequency. Parallel wire transmission lines, because of their simplicity of construction, 
are sometimes used in experimental oscillators, but coaxial transmission lines are more 
commonly used in signal generator applications because of their lower losses (the radiation 
loss being zero) and self-shielding construction. The only difficulty with such resonant 
lines is in the physical lengths required and in the mechanical difficulties with sliding 
contacts. For a frequency of 100 megacycles per second, for instance, a quarter-wavelength 
transmission line would have a length of 75 cm. The line may, however, be artificially 
shortened by the use of a fixed condenser across its input terminals. 

Vacuum tubes designed for low-frequency applications fail at higher frequencies because 
of losses, limitations due to input and 
output capacitances, and transit time 
effects. To minimize these defects, 
special tubes have been designed for 
the higher-frequency ranges. By mak- = 7] 
< ss SAIN TT 
ing the tube elements very small, spac- i i 2 ———— TZ 
ings between elements can also be SSS 
made small without the introduction ey, CC 
of excessive interelectrode capaci- 
tances. Lead inductances may be 
Iinimized by-bringing out eee eben Fig. 4. Typical Double-concentric-cavity Circuit 
one lead from each electrode as in some (Courtesy of General Electric Co.) 
types of high-frequency acorn tubes. 

A better scheme is that exemplified by tubes of the 2C40 type which utilize disk seal 
construction to reduce lead inductances to a minimum. This type of oscillator tube lends 
itself particularly well to incorporation into a coaxial-line oscillator circuit. One such 
design showing a tuned plate-tuned grid oscillator is shown in Fig. 4. Owing to the 
difference in end effects and to the capacitive loading contributed by the tube elements, 


Output 


Alternate method 
utput coupling 
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it is usually necessary to move the tuning plungers at a different rate. This causes some 
difficulty with mechanical tracking of the two cavities. 

An alternative design known as a reentrant oscillator is shown in Fig. 5. This type of 
oscillator may be controlled by means of a single tuning plunger but will operate satis- 
factorily only over a relatively narrow fre- 
quency band. Oscillators using this type of 
circuit with a 2C40 triode tube have been made 
for frequencies as high as 3000 megacycles per 
second. Experimental tubes have been made 
to oscillate in this type of circuit at even higher 
frequencies. Because of the close grid cathode 
Fic. 5. Method for Tuning Re-entrant Oscil- spacing a considerable frequency variation may 
lator Circuit (Courtesy of General Electric Co.) be produced by variations of the tube heater 

voltage. 

At frequencies above 2000 megacycles per second, velocity variation tubes become useful. 
In this type of oscillator tube transit time is utilized to provide bunching of the electrons 
in a drift space. The efficiency of this type of oscillator is low and the frequency stability 
is relatively poor. No upper frequency limit exists for oscillators of this type except that 
imposed by problems of physical construction. This limitation occurs somewhere in the 
region of 60,000 megacycles per second. 
Cavity resonators which may either be 
external to the tube or integral with it 
are utilized with this type of oscillator. 
The type of cavity resonator used is one 


which develops maximum voltage across Outputcoucling Reflector 
the bunching grids in the tube. loop 

The type of velocity variation tube ’ Drift space 
known as a reflex oscillator is most con- ae agi aetrn 


venient for signal generator applications. 
An outline diagram of this type is shown Metal-to-glass— == 
in Fig. 6. In this tube the electron disk seals —~——” 
stream is velocity modulated by the 
bunching grids. The electrons then 
drift in a space between the bunching 
grids and a negatively charged reflector 
which turns them around and causes 
bunches to arrive again at the bunching grids in such phase as to deliver energy to the 
cavity resonator of which the bunching grids form a part. The resonant frequency of such 
an oscillator may be changed by varying the cavity dimensions. Alternatively, the fre- 
quency may be changed by changing the capacitance between the buncher grids. The 
latter method requires that the tube be built with a flexible diaphragm since the grids are of 


Resonator grids 


Electron. gun 


Glass envelope 


Fre. 6. Reflex Type Velocity Variation Oscillator 


Fie. 7. TM-mode Cavity for Reflex Velocity Variation Oscillator 


course in an evacuated space. The realizable tuning range with this type of tuning is only 
about 20 per cent. This design does, however, possess the advantage that the tube and 
the circuit are self-contained and troubles with sliding contacts are eliminated. 

By bringing the bunching grids out through disk seals in a glass envelope, an external 
cavity may be used with this type of tube. Cavities of both coaxial mode and the TM 
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mode have been employed successfully. A cavity of the coaxial-mode type is shown in 
Fig. 6; Fig. 7 shows an outline drawing of the TM-mode cavity. With the coaxial-type 
cavity frequency ranges of better than 2 to 1 may be achieved. Care is again necessary 
in the construction of tuning plungers so as to make good contact over the tuning range. 
In order to minimize rubbing contact, it is possible to design choke-type contacts which 
are themselves resonant sections of transmission lines. 


37. MODULATION OF SIGNAL GENERATORS 


In order to test the detection characteristics of receivers and to supply a signal that can 
be amplified by audio amplifier methods, signal generators are usually equipped with means 
for modulating the r-f voltage output. Several types of modulation are used, depending 
on the types of equipment with which the signal generator is most likely to be employed. 
Signal generators for use in the a-m broadcast band, for instance, are provided with ampli- 
tude modulation, and those for use in testing f-m receivers are frequency modulated. It 
is generally desirable to limit the modulation to one type and to provide means of reducing 
unwanted types of modulation. 

AMPLITUDE MODULATION. Both the impedance-stabilized oscillator and the 
electron-coupled oscillator are susceptible to plate modulation with little accompanying 
frequency modulation. In the impedance-stabilized oscillator, the frequency is inde- 
pendent of applied plate 
voltage over a wide range pany /Stabliizing 
if the proper value of sta- 7 {condenser 
bilizing impedance is 
used. Since signal gener- 
ator oscillators are tuned Tunite. 
Over wide frequency condenser 
ranges, however, it is nec- 
essary to track the stabi- 
lizing impedance with the +B 
main frequency control if Fie. 8. Modulation of Impedance Stabilized Oscillator 


satisfactory performance 
is to be obtained. In the Hartley oscillator, the stabilizing impedance is a condenser for 


both the grid and plate stabilization types, and this condenser must be kept proportional 
to the total value of tuning condenser as the latter is varied. Figure 8 is a diagram showing 
this type of oscillator with plate modulation. 

The audio power output from the modulator tube must be about 3 times the r-f power 
from the oscillator if 100 per cent modulation is to be obtained. This can be accomplished 
by means of a voltage dropping resistor between the plates of the r-f and modulator tubes 
having a value such that the plate potential of the r-f tube is about 70 per cent that of the 
modulator. This resistor must be adequately bypassed for the lowest audio frequency 
employed. The time constant of the self-biasing circuit in the grid of the r-f oscillator 
must be such as to be able to follow the highest modulation frequency if the same peak 
audio voltage is to provide the same percentage modulation of the carrier. 

The electron-coupled oscillator circuit depends for its frequency stability on the main- 
taining of a fixed ratio for plate and screen voltages. This is best accomplished by feeding 
the screen from a voltage divider between plate and ground of sufficiently low resistance 

that the screen voltage is in- 

alah als variant with screen current. 

The screen must be bypassed 

with a condenser having low 
impedance to the r-f voltage 
but high impedance to the 
modulating voltage. As in the 
voltage impedance-stabilized oscillator, 
a dropping resistance must be 
employed between the plates of 
the r-f and modulator tubes if 
100 per cent modulation is to 
be obtained. A possible varia- 
tion, of course, is to supply the 
tubes from different taps on a power supply and to couple the modulator to the r-f oscillator 
by means of a transformer. A circuit diagram illustrating the former scheme is shown in 
Fig. 9, and the latter alternative is shown in Fig. 10. This eliminates the need of a dropping 
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Fig. 9. Direct Coupled oceans of Electron Coupled Oscil- 
ator 
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resistor but requires a tapped power supply voltage and a transformer of flat response 
over the audio band width used. Where extreme freedom from f-m effects is desired, an 
r-f amplifier is modulated rather than the r-f oscillator. Under these conditions, the 
r-f oscillator works at constant potential and is lightly loaded. This arrangement also 
makes the oscillator frequency stable with changes in loading of the output attenuator. 
The only disadvantage of the scheme is concerned with the necessity for providing a tuned 
amplifier which is ganged with the r-f oscillator. The increase in stability obtained, 
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Modulation 


R-f choke transformer 


however, is sufficiently great to 
warrant the use of this method 
with signal generators of the 


Modulator 


precision type. 

Most signal generators for use 
in testing broadcast receivers 
are equipped with means of 
modulating at 400 cycles, this 
frequency having been stand- 
ardized for receiver testing. 


Audio 
voltage 


R-f bypass 


eos 200.4300 Usually, provision is also made 
; Aika for modulation by means of an 
Fie. 10. Transformer Cospled: Modulsnan: of Electron Couple external oscillator operating at 


any desired frequency in the 
audio range. If suitable precautions have been taken in choosing the time constants of 
the grid leak and condenser biasing system and of the plate dropping networks, per cent 
modulation may be calculated by impressing various d-c voltages on the plate of the r-f 
oscillator and measuring the variation in r-f output by means of a vacuum-tube voltmeter 
or other method. A meter which measures the impressed audio voltage may then be 
calibrated in terms of per cent modulation. Various types of a-c meters have been used. 
for this purpose such as thermocouple, vacuum-tube voltmeter, and rectifier-type meters. 
If other than sine wave modulation is externally applied, the indication of such meters 
must be corrected accordingly. 

FREQUENCY MODULATION. For use in visual alignment of wide-band filters as 
well as for testing frequency-modulation receivers, a frequency-modulation generator is 
often required. Several methods for varying the radio frequency at an audio rate have 
been employed. The simplest of these consists of a rotating trimmer condenser, in parallel 
with the oscillator tank, mounted on the shaft of a small motor. This scheme allows wide 
frequency variation. It suffers, however, from several defects, among them being troubles 
encountered from vibration, contact troubles if slip rings are used for connection, variation 
in amount of frequency swing as the center frequency is varied, and production of undesired! 
amplitude modulation. The audio waveform and frequency of such a device are usually- 
fixed. A similar scheme makes use of a vibrating rather than a rotating plate. This 
allows modulation at higher audio frequencies and the frequency may be more readily 
varied. The obtainable frequency sweep is much smaller, however, and a frequency 
multiplier scheme must usually be employed to obtain the required sweep in the r-f output 
frequency. 

A method which is more complex but considerably more versatile makes use of a react— 
ance tube modulator. The frequency modulation obtainable with this method without 
large accompanying amplitude modulation is small, and a frequency multiplier scheme 
must be employed. To eliminate the necessity of tuning the multiplier stages, a heterodyne 
system such as that shown in Fig. 11 is usually employed. 
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Fria. 11. 


Constant Deviation Frequency Modulator 


With such a system, the frequency swing of the output frequency is independent of the 
center frequency. A typical generator of this type produces a frequency swing of over 2 
megacycle per second at center frequencies from 60 to 120 megacycles per second. 

At microwave frequencies, where velocity modulation tubes are usually employed, 
frequency modulation can readily be accomplished by applying the modulation signal to 
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the reflector of a reflex-type oscillator. At 3000 megacycles per second, for example, a 
frequency swing of approximately 30 megacycles per second can be obtained with accom- 
panying amplitude modulation of approximately 50 per cent. Frequency swings of 4 or 5 
megacycles per second can be obtained with negligible amplitude modulation. 

PULSE MODULATION. For testing radar, blind landing, and similar systems, pulse- 
modulated generators are required. 
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Systems using pulse modulation are usually located in the ultra-high-frequency or 
amicrowave portions of the spectrum, so that this type of signal generator is most commonly 
found in these frequency ranges. Requirements for pulse modulation vary widely. A 
versatile type of instrument which has great usefulness provides a pulse of variable width 
and of variable delay from an initiating trigger pulse. Figure 12 shows such a pulse 
mmodulator designed to operate with a velocity variation oscillator. The circuit is designed 
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to operate either with an external trigger voltage applied at the SYNC IN jack (J-101) or 
with its own synchronizing signal developed by the PRF oscillator. In the latter case the 
forward edge of the square pulse produced by the PRF multivibrator V-103 is differentiated 
in the grid circuit of the output synchronizing trigger amplifier V-104 so as to produce a 
short pulse in the output of this tube. This pulse is then fed to a cathode follower output 
stage which delivers a positive synchronizing trigger from J-102. The output of either 
the external synchronizing pulse or the self-generated synchronizing pulse is selected by 
switch $103-A and fed to the delay multivibrator V-106. The trailing edge of the pulse 
produced in this multivibrator is differentiated in the grid circuit of the pulse amplifier 
tube V-107. The negative pulse so produced drives V-107 far below cutoff, and the time 
required to reach the conducting state again is determined by the time constant of the 
differentiating circuit in the grid of the pulse amplifier stage. This pulse is then squared 
and amplified in V-108, V-109, and V-110, and delivered to the keyer V-111 and V-112. 
The cathode return of the keyer tube is connected to the normal reflector supply voltage 
for the velocity variation tube, which may be adjusted to the correct value for proper 
operation of the tube when the MOD-CW switch is in the CW position. With the switch 
then thrown to the MOD position, and in the absence of a pulse, the reflector potential is 
such as to preclude oscillation. During the pulse, however, the reflector voltage is restored 
momentarily to its previous value. Pulsed operation of the velocity variation tube is 
thus achieved. The circuit is designed to operate with pulse recurrence rates from 50 to 
5000 pps with pulses delayed from the trigger pulse from 1 microsecond to 100 micro- 
seconds, and having widths variable from 0.5 to 30 microseconds. 

In using such pulse modulation systems, care must be exercised in assuring that the Q 
of the r-f circuit being modulated is sufficiently low to pass the sidebands generated by 
the pulse operation. For r-f frequencies below 100 megacycles per second this requirement 
is difficult to meet if stable oscillator performance is to be obtained. A method which is 
reasonably successful consists in pulsing an r-f amplifier driven by the oscillator. The main 
problem encountered here is to provide sufficient shielding so that no r-f output is present 
between pulses. The degree of shielding required is very great if it is desired to test 
sensitive receivers, and it is difficult to obtain largely because of coupling due to internal 
electrode capacitances of the amplifier tube. A second method consists of pulse-modulating 
a higher-frequency oscillator and obtaining the desired frequency by heterodyne methods. 
The problem in applying this technique is largely that of filtering out the undesired fre- 
quency components in the output. 


38. STANDARDIZATION OF OUTPUT POWER 


One of the most difficult problems in signal generator design is to determine the r-f 
power output accurately. One method that has seen considerable application in the lower- 
frequency ranges is to measure the current into a resistive output attenuator by means of a 
thermocouple. The quantity of interest is, of course, the output voltage (or power) into 
a specified load impedance. It is desired, then, to have the thermocouple read the voltage 
(or power) at the input to the attenuator so that, the attenuator having been calibrated, 
the output voltage (or power) will be known accurately for all settings of the attenuator. 
Several considerations enter into the validity of such a calibration. 

In order that a given thermocouple reading will correspond to a given voltage or power 
level at the input to the attenuator, the impedance seen looking into the attenuator from 
the thermocouple must remain constant for all attenuator settings, assuming that the 
attenuator output is correctly terminated. At frequencies low enough so that the at- 
tenuator elements can be considered pure resistances, this condition can be met (see 
article 39). Difficulty is encountered at the higher frequencies, however, in that the 
attenuator input becomes reactive so that its impedance varies with frequency. Under 
these conditions the input current no longer bears a fixed relationship to the output volt- 
age. At higher frequencies, the thermocouple impedance itself is also subject to variation 
due to the impedance presented to the heater by the couple and its associated measuring 
leads. The design of an output filter for the couple, which permits a very low capacitive 
admittance to ground at the higher frequencies, becomes very difficult. 

The difficulty is minimized by using heater wires of very small diameter. Thermocouples 
of the separate heater type, where the couple is insulated from the heater by a small glass 
bead, minimize these effects. They are, in turn, sluggish in operation and less sensitive 
than direct-contact types. Correction must also be made for skin effect of thermocouples 
used at high frequencies. 

At very high frequencies, where the physical distance between the thermocouple and 
the attenuator and between the thermocouple and the signal generator oscillator becomes 
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an appreciable part of a wavelength, further trouble is encountered from reflections from 
the couple itself as seen by the signal generator oscillator and variations in the phase of 
such reflections as a function of frequency due to changes in the electrical lengths involved 
as the frequency changes. For these reasons, thermocouples have seen their greatest 
application in the frequency range below 10 megacycles per second although they may be 
used with special precautions at very much higher frequencies. 

A second method for standardizing output consists in the use of a high-impedance 
vacuum-tube voltmeter at the input to the attenuator. It is usually desirable to have the 
reading of such a vacuum-tube voltmeter independent of modulation. This may be 
accomplished by utilizing an averaging type voltmeter circuit. This type of operation is 
obtained when the vacuum tube of the vacuum-tube voltmeter is operated with large 
voltage input and with grid leak and condenser time constant sufficiently small to allow it 
to follow the audio moduletion. Under these conditions, the meter reads the average r-f 
voltage applied to its terminals. Diode voltmeters with large applied voltage may also 
be used; they have the advantage of maintaining calibration with tube life. It should 
be remembered that the power output from a modulated oscillator is proportional to 
(1 + m?/2), where m is the fractional modulation (per cent modulation/100), so that m 
must be known if it is desired to determine the power delivered to the attenuator (or 
effective voltage at the attenuator input). 

Vacuum-tube voltmeters may be used at frequencies up to those where transit time 
effects reduce the rectification efficiency and thus introduce error. Transit time may be 
minimized by close electrode spacing and high applied voltages. Close spacing, however, 
introduces large interelectrode capacitance, and this may itself become a source of error. 
Interelectrode capacitance may be reduced by making the physical size of the electrodes 
small, so that an ideal tube for the purpose would have very small electrodes spaced close 
together. In addition, it is necessary to take special precautions to minimize the induct- 
ance of the leads to the tube electrodes. In the acorn-tube types lead inductances are 
sometimes minimized by bringing out two leads in parallel from each electrode. In tubes 
such as the 2C40, heavy cylindrical leads are employed. For acorn-type diodes, the reduc- 
tion in rectification efficiency is of the order of 30 per cent at 500 megacycles per second 
for voltages of 0.5 volt or less. This effect, together with the change of input impedance 
with frequency, limits the range of usefulness of the vacuum-tube voltmeter as a power 
output monitor. 

The deleterious effects of transit time can be minimized to some extent by substituting 
a crystal rectifier for a vacuum tube in a voltmeter circuit. A semiconductor such as silicon 
in crystalline form is embedded in a conducting material which forms 
one contact. The second contact is made through a tungsten whisker. 
The resistance between the whisker contact and the semiconductor is 
non-linear and may, therefore, be used to rectify an impressed alter- Te c 
nating voltage. Though transit time in such a crystal rectifier is 
entirely negligible, a similar effect occurs which is due to the capaci- 
tance between the whisker contact and the crystal which may be Fia. 13. Equivalent 
thought of as shunting the non-linear resistance as shown in Fig. 13. hay ee rystal 
Here, 7; represents the resistance of the bulk crystal between the 
barrier layer and the fusible metal in which the crystal is embedded, r, represents the non- 
linear resistance between the whisker and the crystal, and C is the capacitance between the 
whisker and the crystal across the barrier layer. At high frequencies, the capacitance 
shunts the non-linear resistance in such a way as to reduce the rectification efficiency, 
producing an effect similar to that produced by transit time in tube rectifiers. With the 
type 1N21-B rectifier, however, this effect is small for frequencies at least as high as 
1000 megacycles per second. Other disadvantages to the use of crystals exist, however, 
among them non-uniformity of characteristic and variation of impedance among crystals 
of the same type, and a change of characteristics with overload. 

For very high-frequency applications, the variation of indicated power with frequency 
due to variation in electrical length of the leads to the power indicator has led to the use 
of systems which divert a known fraction of the power from the signal generator oscillator 
to the power indicator. Bolometer elements are frequently used as the power-detecting 
devices in such a system (see article 11-33). They are sensitive detectors of r-f power, 
having resistance slopes of several thousand ohms per watt. For example, a 10-milliampere 
Littlefuse has a slope of 2800 ohms per watt, while a 5-milliampere Littlefuse has a slope 
of 5100 ohms per watt. Commercially available Littlefuses are often used as r-f power 
detectors and are quite satisfactory up to frequencies of several hundred megacycles per 
second. At higher frequencies, their geometry is undesirable and special bolometer ele- 
ments such as that shown in Fig. 14 are employed. 

The resistance-power curve of a thermistor is not accurately linear as is that of a hot- 


Ts 
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wire bolometer. This is of little importance when it is desired to monitor the r-f power 
at constant level but becomes important when it is desired to provide an easily calibrated 
indicator which will measure power over some range. The r-f impedance of a bolometer 
depends on its geometry as well as on its resistance. It has been found more difficult in 
manufacture to hold the r-f impedance of thermistor units than it is with special hot-wire 
bolometers. 

If it is desired to operate any type of temperature-sensitive power indicator over wide 
ranges of ambient temperature, some form of temperature-compensating circuit must be 
employed. This problem becomes more acute as the sensitivity of the power indicator is 
increased. Temperature-sensitive elements such as those used in the power-measuring 
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circuit may be employed to accomplish the required compensation. For a direct-reading 
bridge circuit, two such compensating elements are, in general, used. One of these main- 
tains the zero reading, and the other adjusts the slope of the indicator so as to maintain 
the correct calibration. 

In the use of power indicators which absorb a fraction of the generator power, care 
must be taken to insure that the power split between the power indicator and the output 
circuit is maintained constant over the frequency band of operation. 

At the lower radio frequencies where line lengths may be neglected this problem does 
not present serious difficulties. Here, an arrangement such as that shown in Fig. 15 may 
be used where the power-sensitive element is in series with the output attenuator. Here, 
if the line length between the power detector zp and the output attenuator z, can be 
neglected, the current in the two elements is common so that the power ratio is simply 


cE 6 (3) 

ler, Te(Za) 
where r.(zp) represents the real part of the power indicator impedance. 
At frequencies high enough so that the line length becomes an appreciable part of a 
wavelength, the current is no longer the same in the two elements and the equation holds 
only if the impedance of the attenuator is transformed down the line to a point close to Zp- 
Then, if the impedance of the attenuator is frequency dependent, changes in both the real 


and reactive components will affect the power split. 


Power sensitive 


element Zp Attenuator matching 


impedance Z, 


To power 
monitor 


bridge 


Coupling loop 


The difficulty is overcome only by 
maintaining the attenuator imped- 
ance close to the characteristic im- 
pedance of the line over the fre- 
quency range. 

At very high frequencies, coaxial 


or wave-guide structures are used. 
One method of monitoring power 
from a _ cavity-type oscillator is 
shown in Fig. 16. Here the power 
from theoscillator is coupled through 
two openings in the cavity to wave-guide-beyond-cutoff attenuators which feed the power 
monitoring and output circuits respectively. 
The power delivered to the monitor is then: 


condenser 


Waveguide-beyond-cutoff 
attenuators 


Fie. 16. Power Monitor for Cavity Oscillator 


Te(Zp) (4) 


PD 
where Ey, = voltage induced in coupling loop feeding the power detector, zp = impedance 
of power detector, and re(zp) = real part of Zp. 

Similarly, the power delivered to the attenuator is given by: 


Ea|? 


Pa= Te (za) 


(5) 


where #4 = voltage induced in coupling loop feeding the attenuator, z4 = impedance of 
attenuator seen looking from the loop, and r.(za) real part of za. 
The ratio of these two powers is then given by 


Ep * . Ten) _ Po 
E4 re(za) Pa 


ZA 
2p 


(6) 
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Since the ratio H,/H,4 can be made quite constant over a wide frequency band, if sym- 
metrical coupling to the cavity is employed, this reduces to: 


Pp Te(Zp) 
= iG 
IPA Te(ZA) 


One way to make the right-hand side of this equation constant is to have both zp and 

za equal the real characteristic impedance of the lines in which they are placed. 

e similar situation obtains in wave-guide circuits where the monitor and attenuator are 
placed in two arms of a wavelength T and ; 
are fed from the third arm as ie in Sige panetator 
Fig. 17. Here the monitor and attenuator 
are effectively in series. The power split Bypass 
is given by condenser 


zal? 
2p 


(7) 


Power-sensitive 


Po = Te(Zp) (8) element 
Pa Te(ZA) Fie. 17. Wave-guide Power Monitor 


Attenuator 


This can also be made constant by matching both attenuator and power indicator to 
the wave guide. 


39. ATTENUATOR DESIGN 


For frequencies up to about 2 megacycles per second, resistive attenuators using Ayrton 
Perry non-inductive wire-wound resistors may be used. In order to maintain the input 
and output impedance of such an attenuator con- 

stant as the attenuation is varied, iterative net- 


Tr; Y2 
Ts works of the T or a type are used. Such a T 
. w Ts “Tout ™ network, designed to match without reflection 
the generator impedance rg to a load resistance 


Fig. 18. T-type Attenuator rz, is shown in Fig. 18. If the generator and load 

are to be connected to the network without intro- 

ducing reflection, rin must equal rg and rout must equal rz. The attenuation constant of 
such a network is defined by 


Eout Tout -—a 
Out n2OUt gs 9 
Ein Tin ®) 
or 
Eout Tout 
Soy nay es (10) 
% Ein Tin 


For given generator and load resistances and specified attenuation constant the elements 
of the network are given by: 


(rg + rz) tanh (3) + rg — TL 


es, (11a) 
1 = 2 
(rg + rz) tanh (3) —rg+rh 
= 116 
i) 5) (116) 
Tetae 
= 11 
a 2 sinh a rte) 
In the special case where rg = rz = 70, these expressions reduce to: 
rT = 12 = 70 tanh 5 : (12a) 
a) 
a 126 
WW sinh a (eo 


The unsymmetrical case is of interest in signal generators for the broadcast band since 
it is sometimes desired to make the output impedance sufficiently low that the voltage 
developed across it is independent of the impedance connected to the output terminals. 
The attenuation of the network may be varied and constant input and output impedances 
maintained if the resistances are kept in the ratio defined by the equations. 

In practice, accuracy requirements and difficulty in shielding output from input make 
it undesirable to utilize a single T or 7 section for covering large ranges of attenuation. 
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For these reasons, a ladder-type attenuator is commonly employed. A useful form of 
such an attenuator is shown in Fig. 19. If K = the ratio by which the voltage across TL 
is reduced in moving from one switch point to the next, the resistances 7; and 72 are given by: 


m = rt (K — 1) (13a) 
K 
= — 13b 
2 = TL ( cal (13d) 
The input resistance rjn is independent of the position of the tap switch and is given by: 
TTL 
ees Ee 14 
Tin FC TE ( ) 
where oe 
re = YolV n(n + 4r2) + ni] 


Between ry and the step attenuator, it is usually desirable to place a variable T pad 
attenuator of the type previously described in order to obtain a fine control. rz may be 
the external load resistance into which the generator is designed to feed, or it may be made 


Resistive center conductor 


Resistive disks 


Fic. 19. Ladder-type Attenuator with Fie. 20. Coaxial w Sec- 
Constant Input Impedance tion 


low in value and incorporated into the signal generator in which case the actual load 
impedance must be large compared to ry for proper operation. For satisfactory operation, 
each section of the attenuator must be separately shielded and a separately shielded low- 
capacity switch must be employed. 

For high-frequency applications, T or 7 sections may be built in coaxial line form as 
shown in Fig. 20. Units of this type may be used up to the frequency where the length of 
line becomes an appreciable part of a wavelength, and 
they have seen successful operation up to frequencies as 
Dielectric high as 1000 megacycles per second. The resistive ele- 


Resistive matching transformers 


ti : 
peace = ~ments may conveniently be made of glass rods and disks 
coated with thin metallic films. A decade attenuator may 
Resistive attenuating section be made by mounting several such elements in a turret 


Fie. 21. Microwave Attenuator rrangement. 

At microwave frequencies, attenuators consisting of 
resistive sections of coaxial line equipped with resistive matching transformers have been 
successfully employed. A diagram of such a unit is shown in Fig. 21. 

The band width of such devices is limited by the change in attenuation with frequency 
and by the frequency sensitivity of the resistive matching transformers. 

A type of attenuator which has seen increasing use in signal generator applications is 
shown in Fig. 22. This type is known as a wave-guide-beyond-cutoff attenuator and makes 
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Coupling loops 


9 , 1.71D\2 F R 
Loop coupling attenuation = 32.0 1— roms db per diameter displacement of loops. 
Disk li ent | 1.30D 2 : : 
isk coupling attenuation = 41.8 1— 5) db per diameter displacement of loops. 


Fie. 22. Waveguide-beyond-cutoff Attenuator 


use of the fact that, for diameters below a critical value which depends on the frequency 
and mode of propagation, waves in a hollow tube suffer no phase displacement but are 
damped exponentially in amplitude. Inductive coupling between loops and capacitive 
coupling between disks in such a hollow tube may be thought of as taking place in this 
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way. The attenuation in decibels is then linear with displacement and follows the law 
given in the figure for the two cases of loop and disk coupling respectively. The loop- 
coupled attenuator has the advantage that its rate of attenuation is lower than that of 
any other mode and is thus less susceptible to errors due to undesired coupling to other 
modes, since these die away more rapidly and become unimportant at any but the lowest 
attenuator settings. 

At low frequencies, a coil of several turns is usually employed in order to reduce the 
minimum insertion loss. For low-frequency applications where the skin depth is appre- 
ciable, this effect must be taken into account since it modifies the effective diameter. This 
may be done by adding 2p to the measured diameter, where 7 is the skin depth. For 
copper, 7 is given by: 

p= ay <1053 em (15) 
vi 
where f = megacycles per second. 

The input and output irapedance of this type of attenuator is reactive, and it is necessary 
to provide resistive pads to match the generator and load. These pads contribute to the 
initial insertion loss, which is of the order of 25 db in practical designs. The high initial 
insertion loss limits the use of this type of attenuator, although it is satisfactory for many 
signal generator applications where the power level of an oscil- 
lator must be reduced to the noise level of a sensitive receiver. 

The power delivered to a load impedance from any attenuator 
system can be analyzed in terms of Thévenin’s theorem asshown & eee 
in Fig. 23. Here zg is the impedance seen looking into the out- 
put terminals and F is the open-circuit voltage measured at these 5 ‘ 
terminals. At low frequencies, zg is often made small compared nn Cat erre en megane a 

: ‘ Z : put 
to the load impedances with which the generator will operate so 
that the output voltage is essentially independent of zz. A dummy antenna which simu- 
lates the impedance of an actual receiving antenna is then placed between the signal 
generator terminals and the receiver input. 

At higher frequencies, line length between the signal generator and load cause consider- 
able difficulty so that a better scheme is to make zg equal to the characteristic impedance 
of the line which will be used. The load impedance is then also matched to the line so 
that the voltage at the load is H/2. If the receiver to be tested does not present an input 
impedance equal to the characteristic impedance of the line, it may be transformed to this 
impedance by means of a suitable transformer. If this is not done, an error will be intro- 
duced which can be calculated by means of the transmission-line equations. 
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There is usually a difference in level of the order of 100 db between the signal generator 
oscillator power and the attenuator output power when the generator is used for receiver 
testing. This makes necessary extreme precautions in the matter of shielding. The depth 
of penetration in a metal is defined as that depth to which the electric or magnetic field 
falls off to 1/e of its value at the surface, where € = 2.718. An attenuation of 100 db 
requires 11.5 skin depths. At a frequency of 1 megacycle per second, this corresponds to 
0.076 em in copper. Thus, except for very low frequencies, the thickness of the metal 
required is determined by mechanical rather than electrical considerations. The real 
problem is concerned with the bringing in of d-c leads and control shafts to the oscillator 
and with the necessity of providing removable covers for the shield case. Separate shield- 
ing boxes should be provided for the main units in the signal generator such as the oscil- 
lator, the power measurer, and the attenuator system. These individual shields are then 
enclosed in an overall shield and are preferably grounded to it at a single point to eliminate 
circulating currents which can induce voltages in lead filters or other output connections. 
Gaskets made of compressed woven metal are useful in preventing leakage from removable 
covers. 

For low-frequency lead filters, conventional LC-type filters may be used. At higher 
frequencies, particular attention must be paid to the condensers used since these may, 
in fact, become inductive. Condensers of the button type are particularly useful for this 
purpose. 

At frequencies above 2000 megacycles per second, lossy filters may be employed to 
advantage. A filter consisting of a coaxial line having powdered iron between the con- 
ductors represents one such type of filter which has seen considerable application. At 
3000 megacycles per second, such a filter, 4 in. in length, can be made to have an attenua- 
tion of more than 100 db. 
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Control shafts may conveniently be brought into shielded generators by utilizing the 
wave-guide-beyond-cutoff principle and employing Bakelite shafts feeding through metal 
tubes which are soldered to the shielding box. A tube having an inside diameter of 1/4 in. 
will, for instance, have an attenuation of about 100 db for each 3/4 in. of length for frequen- 
cies up to 15,000 megacycles per second. Another method of feeding shafts through a 
shielded partition is by means of a flexible diaphragm type of coupler which solders to the 
shield box and which transforms a nutating motion into a rotary one in a manner which 
allows metallic continuity through the coupling. 


41. POWER MEASUREMENT 


Power measurers are of two types, one which samples the power in a transmission line 
between generator and load and which absorbs only a small fraction of the power being 
measured, and a second type which absorbs all the power being measured, in general con- 
verting it to heat. A vacuum-tube voltmeter of impedance high compared to the generator 
or load is an example of the former type; a bolometer or crystal power measurer terminating 
a transmission line is an example of the latter type. 

All the types of power measurers discussed under the section on signal generators may 
be extended to measure higher powers through the use of attenuators appropriate to the 
frequency range involved. Bolometer-type power measures of the hot-wire or thermistor 
type are particularly adaptable to this use since they may conveniently be matched into 
coaxial lines. Again, broad-band designs may be evolved up to frequencies where the 
length of the bolometer element becomes an appreciable part of a wavelength. By means 
of special matching techniques, broad-band designs have been made up to frequencies of 
10,000 megacycles per second. 

Attenuators of resistive center conductor coaxial line using the thin metallic film on 
glass techniques can measure powers as great as a few watts. For higher power, lossy 
attenuators which can be matched over a considerable frequency range can be made by 
filling the space between conductors in a coaxial line with a lossy compound such as may 
be made with graphite or iron powder and a suitable cement binder. With proper propor- 
tions of lossy material to binder the loss per unit length can be adjusted to permit the power 
absorbed to be radiated adequately from the length of line used. 
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ACOUSTICS 


THE SENSE OF HEARING 


By John C. Steinberg and W. A. Munson 


In the design of sound transmission and reproduction systems, consideration should be 
given to the physical and physiological properties of the voice and ear, and to the charac- 
teristics and psychophysiological effect of the different types of sounds that the systems 
are called upon to transmit and reproduce. 


1. DESCRIFTION OF THE EAR 


The hearing mechanism is usually divided into three parts, the outer ear, the middle ear, 
and the inner ear. A cross-section of the ear is shown schematically in Fig. 1. _ 


NN ae), 
Fig. 1. Semi-schematic Section of Left Ear. P, pinna; EZ, ear canal; D, eardrum; A, auditory ossicles; 


O, oval window; R, round window; U, Bus tocuan tbe: S, semicircular canal; N, auditory nerve; 
, cochlea. 


THE OUTER EAR. The ear canal (E) has a length of about 2.5 cm, a volume of 
1.0 cu cm, and an area at the opening of 0.3 to 0.5 sq em. The eardrum (D), stretched 
across the inner end of the canal, has a horizontal diameter of 1.0 cm, a vertical diameter 
of 0.8 cm, and an area of 0.6 sq cm. All these dimensions vary somewhat for different 
individuals. 

THE MIDDLE EAR. The middle ear is separated from the outer ear canal by the 
eardrum. Motion of the eardrum is transmitted across the middle-ear cavity to the inner 
ear by. means of a system of levers (A) called the auditory ossicles. The ossicles consist 
of three.small-bonés,.the malleus (hammer), attached to the eardrum, the stapes (stirrup), 
attached to the oval window ‘O) of the inner ear, and the incus (anvil), which is the con- 
necting link between the malleus and stapes. The weights of the three bones are: hammer, 
0.023 gram; anvil, 0.025 gram; and stirrup, 0.003 gram. The middle-ear cavity is normally 
filled with air maintained at atmospheric pressure by virtue of the Eustachian tube (U) 
which leads to the back part of the throat. 
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THE INNER EAR. The inner ear, which serves a dual purpose, is a complex labyrinth 
of liquid-filled passageways imbedded in the temporal bone adjacent to the middle-ear 
cavity. There are three semicircular canals, oriented so as_to lie in three mutually per- 
pendicular planes, and these ducts contain the nerve endings concerned with the mainte- 
nance of body equilibrium. Only one canal (8) is shown in Fig. 1. The cochlea (C) is a 
spiral duct containing the auditory nerve endings. In Fig. 1, it has been drawn on an 
enlarged scale relative to the middle and outer ears, and the bone in which the cochlea is 
imbedded is not shown. The mean diameter of a semicircular canal is about 1.0 cm. The 
cochlear spiral has a mean diameter of about 0.6 cm for the large turn at the base. As 
may be seen in the sectional view of Fig. 2, the cochlea is divided by flexible membranes 
into three canals, scala vestibuli (V), scala media (M), and scala tympani (7). 

The auditory nerve fibers running between the cochlea and the brain number about 
29,090 They terminate with complex interconnections along the basilar membrane (B), 


oy a! 
. (eet TM uf pgp “a 


N ie i) 
ills ae iN nT 
M <a ip q f l : Uy 
NSA NVI Mises BY 
J f ay 
SOT ah eA Uh 
| eo : il ae BIN Lif fi 
hae SN) a 
B al | gu, 
e ° i }H 


Fie. 2. Semi-diagrammatic Section of the Cochlea. (From Gray’s Anatomy.) B, basilar membrane; 
V, scala vestibuli; M, scala media; 7’, scala tympani; N, cochlear nerve; L, lamina spiralis ossea. 


which extends from the bony ledge (Z) to the opposite wall of the cochlea, separating 
scala tympani and scala media. The nerve endings are associated with tiny hair cells 
which protrude into the liquid filling the small triangular scala media. Scala vestibuli 
and scala tympani are interconnected at the apex of the spiral by a small opening called 
the helicotrema. At the base of the spiral, scala tympani opens into the middle-ear cavity 
through the round window (fR), shown in Fig. 1, but the liquid content is retained by a 
flexible membrane stretched across the opening. The oval window (QO), between the 
middle ear and scala vestibuli, is closed by the foot of the stapes and connecting ligaments. 

Excitation of the Auditory Nerves. A sound wave in the outer ear canal produces 
motion of the eardrum and associated ossicles which, in turn, agitate the liquid in scala 
vestibuli through the oval window. When the stimulus is a pure tone at a low level, this 
results in an excitation of a small number of the nerve endings enclosed by the adjacent 
scala media. When the frequency of the tone is changed, the excitation moves along the 
basilar membrane, engaging a different set of nerve endings. In this way the ear differ- 
entiates between tones of different pitch. When the intensity of the tone is increased, the 
excitation spreads out, and additional nerve endings are stimulated, but those comprising 
the initial group probably receive the maximum stimulation. The positions of the stimu- 
lation maxima are shown in Fig. 3 as a function of frequency. 

At low frequencies the stimulation maxima are very broad and the positions are poorly 
defined. It may be that the pitch of low-frequency tones is sensed by the stimulation 
frequency as well as by its position. 

NERVE CONDUCTION. Physiological research indicates that a nerve conducts on 
an “‘all-or-none” basis. The magnitude of the nerve impulse and the rate of propagation 
are independent of the manner of excitation. After an impulse has been transmitted by 
a nerve, it must recover its conducting properties before it is capable of being excited 
again. This recovery period lasts for a time interval of 1 to 3 milliseconds and varies 
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somewhat with the intensity of the stimulus. Thus a nerve fiber is unable to transmit the 
wave form of the exciting 
stimulus. Excitation of the 


2 auditory nerves and conduc- 
tion of neural pulses to the 
10,000 brain have been studied by 
8 placing a small electrode on a 
C single auditory nerve tract of 
4 anesthetized animals and re- 
cording the potential gener- 
0 2 ated. It was found that in- 
8 creasing the intensity of a 
1000 pure tone increases the rate 
o 8 at which pulses are trans- 
2 6 mitted. Typical results are 
mG shown in Fig. 4. Since a max- 
2 imum rate is attained when 
Sy the sound level is increased 
S about 50 db, other fibers must 
g 100 be involved in covering the 
“8 full intensity range of the ear. 
6 It is believed that the loud- 
4 ness of a sound is related to 
the rate at which neural im- 
2 pulses reach the brain from 
all portions of the basilar 
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the aperture of a receiver cap. The results depend to a large extent upon the way the 
cap fits the ear. Typical values are shown in Fig. 5 for the case when the cap is sealed to 
the ear and for the case when an air 
leak is present between the cap and the 
ear. These data are useful in receiver 
design, and Inglis, Gray, and Jenkins 400 
describe an artificial ear which they 
use for the measurement of telephone 
receivers. It consists of a conduit hav- 350 
ing the approximate dimensions and 
impedance of a typical ear canal over 
the important frequency range. The 
exposed end of the conduit is fitted 
with a tapered rubber seating surface 
on which the receiver is placed. The 
other end of the conduit is terminated 
by an acoustic network and by the 
diaphragm of a small condenser trans- 
mitter. The pressures developed at 
the transmitter diaphragm for a given 
voltage on a receiver placed on the 
artificial ear are closely equal to the 
pressures that would be produced by 
the receiver at the drum of a typical 
human ear. 

NATURAL FREQUENCY AND 50 
DAMPING CONSTANT OF THE 
EAR. The work of Békésy indicates 
that the frequency with which the fe} 
eardrum and ossicles vibrate when ° — aie oc sig a = hg 
suddenly released from a displaced elena ie leceacpaet 


position is of the order of 1200 to 1500 RO Relation between Sound Intensity and Nerve 
cyelen “They vibrations docisaneee ischarge Rate for a ey Tone. (Galambos and 
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rate of 1200 db per sec. Davis and associates’ experiments on the electrical response of 
the ears of cats indicate a natural frequency from 600 to 1000 cycles and a decay rate of 
1000 db per sec. Their work also indicates that the time lag between the sudden applica- 
tion of asound wave on the eardrum and the transmission of the impulse along the auditory 
nerve is of the order of 2 to 3 milliseconds. On the other hand, the sensory build-up time, 
e.g., the time needed for a suddenly applied steady wave to build up to a steady loudness 


is of the order of 0.2 to 0.25 sec. 
200 


+ om 150 


\ 100 


50 


—100 


1. Resistance of Typical Male Human Ear, 
2. Reactance of Typical Male Human Ear, Sealed. 
3, Resistance of Typical Male Human Ear, with Leak. 
4, Reactance of Typical Male Human Ear, with Leak. 
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Fa. 5. Acoustic Impedance of Ears as Viewed through Aperture of Receiver Cap. (Inglis, Gray; 
and Jenkins.) 


2. SENSITIVITY OF THE EAR 


Ear sensitivity is concerned with the least intense sound that can be heard. Such a 
xound is said to be at the ‘“‘threshold of hearing.’’ Two classes of ear-sensitivity deter- 
minations have been reported, ‘“‘minimum audible pressure’ (M.A.P.) and ‘minimum 
audible field” (M.A.F.). M.A.P. is the just-audible sound pressure measured near the 
observer’s eardrum. M.A.F. is the free field sound intensity of a plane progressive wave 
that is just audible to an observer facing the source and listening binaurally. The sound 
intensity is measured before the observer’s head is inserted in the field. It is convenient 
to express minimum audible values in decibels from an arbitrary reference. Reference 
intensity has been chosen as 107!6 watt per square centimeter. Corresponding reference 
pressure at 20 deg cent and 76 cm of Hg is 2 X 1074 dyne per square centimeter. In- 
tensity and pressure levels are the number of decibels from the above references, respec- 
tively. Table 1 gives minimum audible values derived by Sivian and White from their 
own work and that of others when a small selected group of observers with excellent hear- 
ing is used. 

Owing to the diffraction effect of the head and to the difference between one-ear and 
two-ear listening, it would be expected that M.A.P. and M.A.F. would differ considerably 
at high frequencies but not at low frequencies. Various possible causes of the differences 
shown in Table 1 at the low frequencies are discussed by Sivian and White, with the con- 
clusion that, at the present time, a satisfactory explanation is not evident. 
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Table 1. Monaural Minimum Audible Pressure Levels in the Ear Canal and Binaural 
Minimum Audible Sound Field Intensity Levels 


Frequency 60 100 200 500 1,000 | 2,000 | 5,000 | 10,000 | 15,000 
M.A.P., db 

(Monaural)... 59 46 29 14 8 5 12 26 44 
M.A.F., db 

(Binaural).... 45 33 19 8 3 —6 —3 11 22 


BINAURAL VS. MONAURAL. Minimum audible values obtained with observers 
listening binaurally (two ears) are smaller on the average than those obtained with ob- 
servers listening monaurally (one ear). According to Fletcher and Munson, the differ- 
ence appears to be accounted for by inequalities in the sensitivities of the two ears of an 
observer. They report that the binaural sensitivity is practically equal to that of the 
better ear, and that monaural sensitivity is equal to that obtained by averaging the sensi- 
tivities of both ears. Figure 6 gives the differences between the sensitivity of the better 


Aculty Difference, db 


30 50 100 200 500 1000 2000 5000 10000 20000 
Frequency in Cycles per Second 


Fic. 6. Difference between the Sensitivity of the Better Ear and the Average of Both Ears. (Fletcher 
and Munson.) 


ear and the average of both ears, based on the audiograms of 80 persons of normal hearing. 
It gives a means of converting binaural M.A.F. into monaural M.A.F. 

VARIATION WITH DIRECTION. The values of M.A.F. given in Table 1 are for 
an observer facing the source, i.e., for a progressive wave whose wave front is vertical and 
whose direction is normal to a line joining the observer’s ears. Owing to diffraction effects 
of the head, the ear is directive and generally hears best when the open ear is turned toward 
the source. The directivity of hearing as reported by Sivian and White is given in Fig. 7. 
Directivity is expressed as the variation in monaural M.A.F. with the azimuth of the 
vertical wave front: 0° corresponds to the observer facing the source; +90° corresponds to 
the open ear toward the source. The variation is expressed in decibels from the M.A.F. 
at 0°. A positive value of directivity for any angle means that the ear is more sensitive 
at that angle than at 0°. By means of the directivity data, Sivian and White have com- 
puted the sensitivity of the ear for the case when an observer is exposed to a diffuse sound 
field, such that sound waves of equal amplitudes and random phase angles are equally 
probable from all angles. Their results are shown in Table 2. 


Table 2. Binaural Minimum Audible Sound Field (Random Horizontal Incidence). 
(Sivian and White) 


Frequency 60 100 200 500 1,000 | 2,000 | 5,000 | 10,000 | 15,000 


Binaural M.A.F., db 
(random horizontal in- 
eidence) > sedis Ankeny 45 33 19 6 —1 —7 —7 2 18 


POSSIBLE LOWER LIMITS OF SENSITIVITY. On certain assumptions, Sivian 
and White calculate that the intensity level of thermal-acoustic noise, i.e., noise originat- 
ing from the thermal velocities of air molecules, has a value of 11 db below 10716 watt for 
a frequency band from 1000 to 6000 cycles, and hence is of the order of the maximum ear 
sensitivity. Although the authors regard the calculation as very approximate, it suggests 
that the limit of sensitivity may be set by the transmitting medium. If this is so, man 
may have maximum sensitivities comparable with those of animals. 

EAR SENSITIVITY OF THE POPULATION. The values of ear sensitivity shown 
in Table 1 are for a selected group of young people with excellent hearing; not all people 
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hear this well. During the New York and San Francisco World Fairs in 1939, which were 
attended by people from all parts of the country, a survey of hearing was made in a large 
group of the United States population. The results, which are plotted in Fig. 8, show the 
percentages of thresholds measured which were above the levels shown by the contour lines. 

Thus the data show the percentage of people in the population within the age range 
from 10 to 59 years who cannot hear tones below the levels indicated by the contours. 


Decibels 
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Fig. 7a. Increase of Monaural Acuity in a Free Sound Field When the Direction Which the Observer 
Faces Is Changed 


Decibels 


Degrees 


Fia. 7b. Increase of Monaural Acuity in a Free Sound Field When the Direction Which the Observer 
Faces Is Changed 


For instance, 25 per cent of the population cannot hear a 1000-cycle tone if the intensity 
is below the 20-db level (zero = 1071° watt per sq cm). The dotted portions represent 
extrapolations of the distributions beyond the intensity and frequency ranges used in the 
tests and are, of course, speculative. 

VARIATION WITH AGE. Further analysis of the data revealed a progressive dete- 
rioration of hearing with age for the average individual, particularly at the higher fre- 
quencies. The hearing loss is somewhat greater for men than for women, as shown by 
the curves in Fig. 9. For this plot “‘zero hearing loss’ refers to an ear sensitivity equal to 
the median value for the population tested. The contour marked ‘50 per cent”’ in Fig. 8 
shows the median values as a function of frequency. When the hearing loss exceeds about 
25 db at all frequencies lower than 2000 cycles, a person will experience difficulty at times 
in understanding speech in classrooms, auditoriums, churches, and similar environments 
where the speech level is not very high. A hearing loss of 45 db for frequencies below 
2000 cycles results in some difficulty in understanding speech at distances greater than 
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Fig. 8. Contour Lines Showing the Lower Limit of the Sensitivity for a Given Percentage of Tests 
in the Age Group 10-59. (Steinberg, Montgomery, and Gardner.) 
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Fia. 9. Average Hearing Loss for Men and Women in Three Age Groups. (Steinberg, Montgomery, 
and Gardner.) . 
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2 or 3 ft, and considerable benefit is usually derived from the use of a hearing aid. Table 
3 crag the prevalence of hearing losses greater than 25 and 45 db among the people 
tested. 

In the age group from 50 to 59 years, Table 3 shows that 3 or 4 per cent of the popula- 
tion have hearing losses exceeding 45 db and, therefore, would experience some difficulty 
understanding speech at a distance of 2 or 3 ft. Until the hearing loss exceeds about 65 db, 
a person will still be able 
to use the telephone with- Table 3. Percentage of Tests with Hearing Losses Greater 
out much difficulty. than 25 db and 45 db 

AUDITORY RANGE. 


Waithohntenmdavolotia (Steinberg, Montgomery, and Gardner) 
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in Fig. 8 was obtained by 
adding the observed data to the lower limit of audibility shown in Fig. 8. The lower 
limit is the M.A.F.. determination of Table 1. 

The lower limit and the feeling curve have been extrapolated until they meet, thus 
forming an enclosure called the ‘‘auditory sensation area.’’ This area has the property 
that any sinusoidal sound wave having a frequency and an intensity level within the area 
will cause a sensation of tone. The dashed portions of the curves serve as a means of 
defining the upper and lower frequency limits, i.e., the lowest and the highest frequency 
that can be sensed as a tone. Measurements have been made using frequencies varying 
from about 8 to 40 cycles for the lower limit and from 12,000 to 35,000 cycles for the upper 
limit, but, for the most part, very little attention was given by the experimenters to the 
intensity levels at which the determinations were made. In drawing in the dashed curves, 
consideration was given to available data on frequency limits, and values of 20 cycles and 
20,000 cycles were selected for the lower and upper frequency limits, respectively. These 
limits were taken as more or less typical for persons of normal hearing in the age range 
from 18 to 23 years but do not represent the extreme values found in exceptional cases. 


3. DIFFERENTIAL SENSITIVITY 


The differential sensitivity of hearing refers to some aspect of the smallest change of a 
stimulus that can be detected. Available data on the subject are confined almost entirely 
to measurements of the minimum perceptible increments of frequency and of intensity 
when the stimulus is a single-frequency tone. The values obtained depend to some extent 
upon the method of measurement, probably because the just perceptible change (differ- 
ence limen) is affected by the rate at which the change is made as well as other variables 
common to tests of this type. Until a measuring technique is standardized, the data shown 
should be regarded as of the exploratory type. In Fig. 10 the results of extensive measure- 
ments of Af, the difference limen for frequency, are plotted. For levels greater than 40 db 
above threshold, and for frequencies greater than 500 cycles, the frequency D.L. has the 
approximately constant value of 0.3 per cent. 

These results were obtained by listening to the tones with head receivers. When the 
measurements are made by listening to a loudspeaker in a room, much smaller values 
can be observed. In this case the change in frequency is detected by intensity changes 
due to the shifting of the interference pattern in the room with frequency change. A 
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Fra. 10. The Frequency Difference Limen with Decibels above Threshold as a Parameter. (Shower 
and Biddulph.) 


similar set of measurements of AJ, the minimum perceptible increment of intensity, is 
shown in Fig. 11. For convenient use the increment of intensity expressed in decibels, 
10 log UZ + AI/I), is plotted as the ordinate. For levels greater than 40 db above thresh- 
old, and for frequencies between 200 and 7000 cycles, the intensity D.L. varies from 0.25 
to 0.75 db. 
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Fia. 11. The Intensity Difference Limen with Decibels above Threshold as a Parameter. (Riesz.) 
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4. MASKING EFFECTS OF SOUNDS 


When listening to speech or music it often occurs that a disturbing noise interferes to 
such an extent that the desired sounds are partially or entirely obliterated. The noise is 
said to have a masking effect, and the magnitude of the effect is defined by a ‘‘masking 
spectrum” of the noise. Measurements of masking spectrums are made by determining the 
threshold of audibility of 


single-frequency tones in “€ “ao A ine = Re Masking 

the presence of the noise 2 o| |Is, SN. [SN BAIT (mM) 
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trum may be derived by 
use of Fig. 12. Here the 
iso-masking intensity per 
cycle level of noise has 
been plotted as a function of frequency with masking asa parameter. The applications of 
these data are limited to portions of the noise intensity spectrum that do not exhibit the 
abrupt changes with frequency that occur when a prominent single-frequency component 
is present or a filter with a sharp cutoff limits the frequency range of the noise. 
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Fie. 12. Masking Contours for a Steady Noise. (Fletcher and 
Munson.) 


5. LOUDNESS OF SOUNDS 


Loudness is defined as the magnitude of an auditory sensation, and for steady sounds 
it is thought to be proportional to the rate at which neural pulses originating along the 
basilar membrane arrive at the brain. A scale of auditory magnitudes has been derived 
from loudness tests and can be used whenever the loudness level of a sound is known. A 
measurement of loudness level consists of a listening test in which the level of a 1000- 
cycle reference tone is adjusted until it sounds equally loud to the sound being measured. 
Errors in judgment may be large, and a number of observers may be required to obtain a 
reliable average result. The equivalent free field intensity level of the equally loud 1000- 
cycle tone is, by definition, the loudness level of the unknown sound. 

The loudness level of a sound being known, its auditory magnitude is found by referring 
to Table 4, which gives the auditory magnitude, or loudness, as a function of the intensity 
level of the equally loud 1000-cycle tone. The figures for the intensity level (loudness 
level) of the 1000-cycle tone are in decibels relative to 107!® watt per sq cm, and a level of 
40 db results in an auditory magnitude of one sone. Thus, in Table 4, the loudness cor- 
responding to a loudness level of 40 db is 1 loudness unit (1 sone = 1000 millisones). In- 
creasing the loudness level from 40 db to 49 db gives a listener the impression that the 
magnitude has doubled, so a loudness level of 49 db results in a loudness of 2 units. In- 
creasing the loudness level from 49 to 58.1 db again doubles the magnitude of the sensation 
for the average listener, so a loudness level of 58.1 db produces a loudness of 4 units. The 
empirical relationship between loudness and loudness level is shown in Table 4. 

Loudness levels are given in steps of 1 db, or 1 “‘phon,’’ and zero level is 10~!® watt per 
sq cm in a free sound field. The term “phon” is generally used as the unit of loudness 
level to avoid confusion with intensity levels of sounds other than a 1000-cycle tone. It 
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is believed that the loudness of a steady sound depends upon the rate at which neural 
pulses reach the brain, and, although no measurements are available to substantiate this 
hypothesis, the concept is useful in explaining empirical methods of computing the loud- 
ness of complex sounds. It follows from the manner in which the loudness scale was de- 
veloped that a 1-sone sound, for example, is equally loud to any other 1-sone sound, and 
four times as loud as a 0.250-sone sound. It is also true that a 1-sone sound will drop to a 


Table 4. Loudness (Millisones) vs. Loudness Level (Phons) 
(Fletcher and Munson) 


Loudness 
Loudness 
Level, db 0 1 2 3 4 5 6 7 8 9 
0 1.0 1.42 1.95 2.58 3.36 4.32 5.57 7.10 9.00 11.4 
10 14.4 18.7 23.3 28.9 35.1 42.2 50.6 60.3 71.6 85.0 
20 - 100 120 142 165 188 214 242 272 307 340 
30 380 421 470 522 577 635 700 763 835 915 
40 1,000 1,080 1,170 1,260 1, 360 1,470 1,590 1,710 1,850 2,000 
50 2,150 2,330 2,510 2,710 2,930 3, 160 3,410 3,690 3,980 4,300 
60 4,640 5,010 5,410 5,840 6,310 6,810 7,360 7,940 8, 580 9,260 
70 10,000 10, 800 11,700 12,600 13, 600 14,700 15,900 17, 100 18, 500 20,000 
80 21,500 23,300 25,100 27,100 29, 300 31,600 34,100 36,900 39, 800 43,000 
90 46, 400 50, 100 54,100 58,400 63, 100 68, 100 73,600 79, 400 85,800 92,600 
100 100,000 | 108,000 | 117,000 | 126,000 | 136,000 | 147,000 | 159,000 | 171,000 | 185,000 | 200,000 


half sone if only one ear is used for listening. These simple relations have all been verified 
experimentally. A complex sound having two 1-sone components will be equally loud to 
a sound of 2 sones if the components excite nerve endings located in different sections of 
the basilar membrane and thus contribute 1 sone each, even though they are sounded 
simultaneously. This is not likely to be the case when the frequencies of the components 
are close together or the levels are high, since many of the same nerve endings are then 
used by both components. 

EFFECTIVE STIMULATION DENSITY. The response of the auditory nerve endings 
is dependent upon the density of stimulation. If the stimulus is localized, the response 
will be different, and the loudness sensation will differ, in general, from the loudness 
resulting when the stimulus energy is distributed among a large number of nerve endings. 

100 The relationship between 
the frequency of the stim- 
at ae: ulus and the position co- 
om) Li ordinate (X) of the nerve 

endings stimulated is 
shown in Fig. 13. 

The ordinate of Fig. 13 
il gives the position of max- 
imum stimulation of the 
nerve endings, with re- 
nal spect to the total number, 
when the stimulus is a 
single-frequency tone. 
For instance, at 1000 
cycles the curve shows 

100 1000 10000 20000 that 31 per cent of the 

Frequency in Cycles per Second Denye endings ake om one 

Fra, 13, Relation’between Frequency of the Stimulus and the Position side of the Oia of max- 
of Maximum Stimulation. (Fletcher.) imum stimulation, and 69 


} ; per cent are on the other 
side. The relationship shown can be derived in several different ways on the basis of dif- 


ferent assumptions, but it has been verified only in a qualitative sense by actual nerve counts. 
To obtain the effective stimulation density as a function of frequency, for a sound with a’'con- 
tinuous energy spectrum, measurements must first be made with a sound meter that will 
analyze sound at all frequencies within the audible range. If the analyzer measures the 
intensity (J) in a frequency band Af cycles wide, then the readings are related to effective 
stimulation densities by means of the equation: 
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where J; is the intensity level of a 1-millisone single-frequency tone, and Af; is a frequency 
band enclosing a unit group (1 per cent) of the nerve endings. It is seen that Z is the 
ratio, in decibels, of the stimulation intensity per unit group of nerve endings to the 
intensity required to excite a 1-millisone response from the nerves. The equation for Z is 
usually given in the more convenient form: 


Z=B+k-— Bo 


where B is the measured intensity per cycle level of noise [B = 10 log (I/In Af)], Io is the 
reference intensity of 10~!° watt per sq cm, « is the band width in decibels which includes 
a unit nerve group (x = 10 log Afi), and Bo is the intensity level of a tone when the loud- 
ness level is zero [89 = 10 log (1/Jo)]. Values of x, Bo, and X are shown in Table 5 for use 
in computing and plotting the effective stimulation density for the nerve endings as a 
function of their position coordinate, X. 
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Table 5. Values of k, By, and X 
(Fletcher and Munson) 
: Is 100 200 300 500 700 1,000 2,000 3,000 5,000 7,000 10,000 
x 1 4 7 14 21 31 52 64 78 85 92 
K 16.5 45,0 15.0; 15.0 15.3 16.0 18.6 20.7 23.9 26n 28.6 
Bomnol.4 622.9) 14.6 B.7 2.0 0.0 —4.5 —8.5 —4.9 4.9 8.8 
LOUDNESS COMPUTATION FOR SOUNDS WITH CONTINUOUS ENERGY 
SPECTRUMS. The loudness of a 6 
steady sound is believed to be propor- 
tional to the number of nerve pulses 
arriving at the brain in unit time 
from all parts of the basilar mem- | 
brane. We may compute the loud- 1 
ness (VV) from the expression: 
100 
ied Nx dX ae 
0 
where Nx, the sone density, is a 
measure of the number of nerve 
pulses originating from a unit group 
of nerve endings in unit time, and 
X is the position coordinate pre- 
viously defined. The equation is 
solved by plotting Nx as a function 
of X and measuring the area under 
the curve. Thus the loudness, XN, of 
any sound can be computed when the 
sone density is known as a function 
of X. 
The relationship between sone 
density (Vx) and the effective stim- 
ulation density (Zx) has been inves- 
tigated for sounds characterized by a 
continuous distribution of energy, 
and it is shown in Fig. 14. 
It is not applicable to sounds hav- 
ing single-frequency components or at 
sounds in which the value of the 10° 
slope, dZ/dX, exceeds the limits t is 
+2db. In the latter case, masking | 
measurements are a more reliable L 
means of obtaining the sone density ee 
(Nx). The masking (M) is defined 
by the equation: M = 6 — Bo, where 
B is the intensity level of a single- 
frequency tone that is just audible 
in the presence of a masking sound, 
and Bo is the intensity level when 
the loudness level is zero. Figure 
15 shows the relationship between 
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Fic. 14. Relation between the Loudness (Nx) per Unit 


Nerve Group and the Stimulation (Zx) per Unit Nerve 
Group. (Fletcher and Munson.) 
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masking and sone density. The masking method of obtaining the sone density is valid 
for sounds exhibiting large values of dZ/dX but not for sounds with single-frequency 
components. The masking spectrum of a single-frequency tone is not an accurate indica- 
tion of its sone density since the phenomenon of beats between the masking tone and the 
masked tone changes the conditions under which the masked tone is detected. This re- 
sults in low values of masking at frequencies where the highest values would be expected. 
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Fig. 15. Relation between Loudness Contribution (Nx) per Unit Nerve Group and Masking (M). 
(Fletcher and Munson.) 


LOUDNESS OF SOUNDS COMPOSED OF SINGLE-FREQUENCY COMPO- 
NENTS. When a sound is a single-frequency tone at a low level, the nerve endings in 
a localized region of the basilar membrane are stimulated. As the level is increased, the 
stimulation pattern spreads to adjacent nerves, and at high levels a large proportion of 
all the nerves may come into use. The region of maximum stimulation probably does not 
change much when the level is raised, but secondary maxima appear at harmonic fre- 
quencies owing to non-linear distortion in the ear itself. The masking spectrums shown in 
Fig. 16 indicate the nature of the change of the stimulation pattern as the level of a tone 
is increased. 

As explained in the previous section, the regions of maximum stimulation appear as 
depressions because of the beats which occur near the fundamental and harmonic fre- 
quencies. Measurements of the conditions for best beats have been used to determine the 
magnitude of harmonics produced in the ear. Figure 17 shows the equivalent magnitude of 
the subjective harmonics for different pressure levels of the applied sound. Taking the 
fundamental as the first harmonic, the abscissa gives the number of the harmonic. When 


LOUDNESS OF SOUNDS 12-15 


plotted in terms of pressure level, the curves are independent of frequency. It is clear 
that the stimulation patterns of single-frequency tones are very complex, and it would be 
difficult to plot the sone density as a function of X, as was done for sounds with continu- 
ous energy spectrums. However, the loud- 
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Parameter. (Fletcher, Wegel, and Lane.) 


The ordinate here is the free field intensity level of a pure tone, and each contour line 
is marked with a loudness level. For instance, a 200-cycle tone at an intensity level of 
60 db from 10716 watt has a loudness level of 50 db. Turning to Table 4, we see that the 
corresponding loudness is 2.150 sones. If a sound has more than one component, the sone 
values may be added to obtain the total loudness, provided that the frequencies of the 
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s components differ enough so that different nerve groups are stimulated. The separation 
“4 required is a complex function of level and frequency and will not be discussed here. 
Some idea of the effect of different separations of components may be obtained from 


12-16 ACOUSTICS 


Fig. 19, which shows the loudness levels of several 10-component sounds as a function of 
the loudness level of each component. 

The first sound had a fundamental frequency of 530 cycles and a difference of 530 
cycles between components. The others had a fundamental of 1000 cycles and the dif- 
ferences indicated. The dotted line shows the loudness levels corresponding to 10 times 
the loudness of a single component. For a more extended treatment of the loudness of 
sounds with single-frequency components, refer to an article in the October 1933 J ournal 
of the Acoustical Society of America entitled ‘“‘Loudness, Its Definition, Measurement and 
Calculation,’’ by Fletcher and Munson. 
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Fie. 19. Effect of Separation of Components on the Loudness Levels of Complex Tones. (Fletcher 
and Munson.) 


6. THE PITCH OF STEADY SOUNDS 


The pitch of a steady sound is the position on a musical scale that would be assigned to 
it by a listener. If the sound is a single-frequency tone, its pitch depends upon frequency 
and, to a slight degree, upon intensity. At loudness levels less than 40 db the pitch de- 
pends only upon frequency, and single-frequency tones at a loudness level of 40 db have 
been chosen as standards for comparison with sounds of unknown pitch. The results of 
pitch comparisons between single-frequency tones at a 40-db loudness level and tones at 
higher levels are shown in Fig. 20. The ordinate is the change in frequency, in per cent, 
of a tone that is necessary in order that its pitch remain constant as its level is raised. 

For example, the curves show that a 100-cycle tone must be lowered 10 per cent when 
the loudness level is increased from the standard level to 100 db. This means that a 
90-cycle tone at a loudness level of 100 will appear to have the same pitch as a 100-cycle 
tone at a loudness level of 40 db. The curves shown in Fig. 20 are based on data at low 
frequencies. Similar experiments by Ziirmuhl and Stevens indicate that at frequencies 
above 2000 cycles there is a small increase in pitch as the level is raised. An observer’s 
judgment of the pitch of a sound is thought to be related to the position of the stimulated 
region on the basilar membrane. In general, a sensation of lower pitch occurs when the 
stimulated region shifts towards the helicotrema. 


Table 6. Judgments of Half Pitch 
(Stevens and Volkmann) 


Standard frequency. ..........e00. 150 250 500 1,000 2,000 3,000 5,000 £10,000 
Frequency for half vitch......-.... 85 111 206 373 633 1,009 1,437 2,064 
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Experiments have been made to determine how much the frequency of a standard tone 
must be shifted to result in the sensation that the pitch has decreased by a factor of one- 
half. The results are shown in Table 6, where the first row is the frequency of the standard 
tone. The second row is the mean frequency of tones which were selected by twelve 
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Fig. 20. Pitch Change of Single-frequency Tones at High Levels. (Snow.) 


observers to be one-half the pitch of the standard. The loudness level of all tones was 
40 db. Table 6 shows that a tone of 373 cycles will appear to be one-half as high in pitch 
as 1000 cycles. By use of these and other data on estimations of pitch intervals, Stevens, 
Volkmann, and Newman have devised a numerical pitch scale having the property that 
tones which appear to be 50 per cent lower in pitch will also be related in the same manner 
on the pitch scale. The unit of pitch is called a ‘‘mel,’’ and the relationship between mels 
and frequency for pure tones at a loudness level of 40 db is shown in Fig. 21. 
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Fig. 21. Relation of the Pitch in Mels to the Frequency of Tones at a Loudness Level of 40 Db: 
(Stevens and Volkmann.) 
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7. LOCALIZATION OF SOUNDS 


The ability to localize the direction and to form a judgment of the distance away of a 
source is a matter of common experience, but very few quantitative data on the subject 
are available. The localization of direction (angular localization) appears to depend upon 
the detection of phase differences at the two ears, loudness differences, differences in 
quality, and differences in arrival times at the two ears. Loudness differences, and quality 
differences (in complex sounds), and to some extent phase differences, arise from diffrac- 
tion effects of the head. At low frequencies the loudness difference at the two ears is 
small, but localization by phase difference is effective. An angular accuracy of about 
+10° is obtained for sounds directly in front or in back of the observer. Much less preci- 
sion is obtained when the source is at one side. Loudness differences are most effective 
in the frequency range above 3000 cycles and quality differences in the range above 1000 
cycles. In general, complex sounds having prominent high-frequency components, hence 
large loudness and quality differences between the ears, are localized with greatest accu- 
racy. Under familiar acoustic conditions, such sounds may be localized frequently by 
the use of one ear only. Presumably this is accomplished by recognizing the characteristic 
distortion introduced by the head. Steinberg and Snow report that the apparent distance 
of the sound source, i.e., depth localization, depends upon the loudness of a sound. When 
an observer is listening in a room, the ratio of the direct sound intensity (that reaching 
the ears without reflection) to the reflected sound intensity also enters into depth localiza- 
tion. 
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SPEECH AND MUSIC 


By John C. Steinberg and W. A. Munson 


8. DESCRIPTION OF SPEECH ORGANS 


The speech organs consist of the lungs and respiratory muscles, the trachea or wind- 
pipe, the larynx, and the cavities of the throat, mouth, and nose. In speaking, a flow of 
air is produced by the lungs which is modified in passing through these passages to form 
speech sounds. The larynx is a cavity of irregular shape formed of cartilage located at 
the upper end of the trachea, a tube some 12 cm long and 2 em in diameter leading from 
the lungs. A pair of muscular ledges, called the vocal cords, form a slit in the larynx 
through which the air must pass. When the vocal cords are set in vibration, the air flow 
is periodically interrupted and the sound is said to be voiced. Measurements reported 
by Riesz, on persons whose larynx had been removed by a surgical operation, indicate 
that the excess pressure in the lungs when producing sustained parts of speech, such as 
vowels, is of the order of 4 mm of mercury or 0.005 atmosphere. The rate of air flow is 
about 150 cu cm per sec. The normal capacity of the lungs is about 2500 cu cm, and the 
average expiration in breathing is about 500 cu cm. 

By means of high-speed motion-picture photography, views of the vocal-cord movements 
in slow motion have been obtained at Bell Telephone Laboratories. Measurements on 
successive exposures of the vibrating cords indicated a displacement amplitude that was 
sawtooth in form. The cords tended to snap apart and close slowly and firmly together. 
The wave form contained a fundamental and higher harmonics which diminished in 
amplitude inversely as the square of the harmonic number. The length of the cords and 
maximum amplitude of opening varied with pitch. For example, in the subjects studied, 
the cords were about 1.2 cm in length and their widest opening was about 0.4 em when 
vibrating at 120 cycles. At 300 cycles, their length was about 2.0 em and the widest 
opening about 0.2 cm. Changes in the acoustic load by closing the mouth opening with a 
glass window or filling the vocal cavities with helium did not appear to affect the vibration 
wave form of the vocal cords markedly. 

The opening between the cords is called the glottis, which, of course, varies in size as 
the cords vibrate. There appears to be little direct information on the acoustic wave form 
produced at the glottis by the vocal-cord vibrations. Indirect evidence based on harmonic 
analysis of vowel sounds reported by Steinberg and also Lewis indicates a sawtooth wave 
form in which the amplitudes of the harmonics diminish inversely as the 1.5 power of the 


harmonic number. 


9. PRODUCTION OF SPEECH 


MECHANISM OF SPEECH. As has been discussed by Dudley, speech may be re- 
garded as a phenomenon of modulation in which the breath stream, a unidirectional flow 
of air produced by the lungs, is given intelligence-carrying variations. The breath stream 
is made audible by two kinds of modulation called vocal-cord and frictional modulation. 
The first is produced by the periodic interruption of the breath stream by the vibrations 
of the vocal cords. The second is produced by the turbulent flow of the breath stream 
through constrictions formed in the vocal tract. Both produce variations at relatively 
high rates, i.e., in excess of 70 cycles. The vocal-cord modulation produces fundamental 
and harmonic overtones such as characterize a vocalized or voiced sound. Frictional 
modulation produces a wide range of inharmonically related overtones such as character- 
ize a hiss. 

The audible components thus produced are in turn modulated by relatively slow varia- 
tions, i.e., at rates definable by frequency components in the range below some 40 or 50 
cycles. One of these is called start-stop modulation, which is accomplished by the muscles 
of respiration, the vocal cords, tongue, and lips. Another, called cavity modulation, is 
produced by changes in size and shape of the vocal passages extending from the glottis to 
the mouth and nose openings. These passages selectively transmit and radiate the audible 
frequency components produced in the breath stream by vocal-cord and frictional modula- 
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tion. This results in a reinforcement, relatively, of certain frequency components or 
regions which are called vocal resonances. ' ] 

Several other types of low-frequency modulation occur such as inflection, vibrato, and 
stress, but the four noted above are the ones of chief importance to the intelligibility of 
American speech sounds. Start-stop modulation is one of the principal characteristics of 
the plosive or stop consonant group, and frictional modulation is one of the chief charac- 
teristics of the fricative consonant group. In the vowel and vowel-like group of sounds, 
cavity and vocal-cord modulation are among the conspicuous characteristics. 

CHARACTERISTICS OF SPEECH SOUNDS. As a result of cavity modulation, all 
sounds tend to show characteristic frequency regions of reinforcement in a greater or less 
degree. These vocal resonances are more conspicuous in the vowel and vowel-like sounds. 
In general, there is a resonance in the range from 300 to 1000 cycles, one in the range from 
1000 to 2500 cycles, and one or more in the range from 2500 to 4000 cycles. The two 
resonances below 2500 cycles are the ones that vary most in frequency position from 
sound to sound. There has been a tendency to associate the low resonance with the 
pharynx or throat cavity and the next resonance (1000-2500 cycles) with the mouth 
cavity. Damping constants reported for the cavities range from 1000 to 4000 db per sec. 
With a vocal-cord vibration rate of 125 cycles, the cavities would be excited periodically 
at intervals of 0.008 sec, and the amplitude of the sound wave would be expected to decay 
to something between 0.4 and 0.03 of its initial value during the interval. 


Table 1. Approximate Characteristics of Common Speech Sounds 


Sound fi I n 

Pure Vowels 

CAG are at ce 3 356 —5 6.44 

fi Gt) cep ccce cece 450 —4 10.27 

elbet) men ne nets 550 —3 6.60 

Hilab ena ce ec 800 =| 6.89 

ah (father)........ 800 0 6.52 

ay(all) Mee. eee 3. 00. 550 0 4.15 

© (ODGy) 12 Intcelctaas 450 —2 4.74 

ALLOOL) is eee enn 400 —2 2.96 

1h(DOOb).. fe -eGasees 350 —4 6.26 
Vowel-like Sounds ni nf 

NOS) ae pare 450 —8 4.31 8.40 

r (funy... che eceee 500 —5 2.78 13.05 

TH (Me) erase esters Fundamental | —11 5.89 5.48 

Tii(RO))..ee-ealee sees 4 —13 4.99 12.52 

Ag: (SINZ) ec. seria td —10 3.57 
Fricative Consonants 

Wi(VOUEC) seca nceg Fundamental | —18 1.2 (3.9) |4.2 (1.4) 

(AY (QAEDA Some aeee ss —18 6.7 (2.0) | 1.2 (0.04) 

ae (ZOO) mene acer: Gs —16 0.3 (5.4) |6.0 (3.1) 

zh (pleasure) ...... 3 -—15 0.02 (1.7) | 0.01 (0.3) 
Stop Consonants 

ibe) Reicee elect tee Fundamental | —20 4.6 (2.5) |0.4 (1.2) 

ds (day) oeioe.c wince a —20 6.2 (7.8) | 4.4 (14) 

Gi(geb) eee oss. f TL em NN PGE IZ OLS 


The steady-state resonance characteristics of the sounds can be expressed by the peak 
frequencies f; of the vocal resonances, the levels L; of the peak frequencies, and the damp- 
ing constants A; expressed in decibels per second which indicate the sharpness of the 
resonances. This information, together with the data on the acoustic wave form at the 
glottis given in article 8, permits an approximate construction of the spectrums of the sounds. 
The available data on these characteristics are summarized in Table 1. The columns 
designated f; to f4 indicate the peak frequencies of vocal resonance. They were obtained 
from data reported by Kopp and Green, and represent values for one voice. Since the 
values vary somewhat from voice to voice, values for a single voice were chosen to permit 
a relative comparison of the different sounds. When ‘“‘fundamental” appears in the col- 
umn fi, it means that the resonance was too close to the fundamental frequency to be 
resolved by the analyzing means. The vocal resonances shown for the voiced consonants, 
», th (that), z, zh, b, d, and g, apply also to their unvoiced cognates, f, th (thin), s, sh, p, 
t,andk. For g (get) and also k (key), the frequencies of the vocal resonances vary depend- 
ing upon the sound with which they are combined. The column ZL, shows the relative 


levels of the first resonance peaks as derived from Table X, Fletcher, Speech and 
Hearing. 


ee eee ee ere eee needa ete 
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The remaining columns, Ly to Lu, show levels of the respective resonant peaks based on 
data from several sources. All levels are expressed in decibels below the level of the first 
resonant peak in ah (father). The damping constants A; are not shown but vary from 
about 1200 db per sec for the first resonance to about 4000 db per sec for the fourth res- 
onance. The band width of the resonance at points on the resonance curve 3 db below 
the peak response is given approximately by A;/27.3. The last column, designated n, 
shows the relative occurrence of the sounds in telephone conversation from a report by 
French, Carter, and Koenig. The figures indicate the percentage occurrence of the vowels 
shown among all vowels occurring in 95,522 vowels. The occurrence figures are indicated 
separately for initial and final consonants from 64,043 initial and 65,544 final consonants. 
The figures in parentheses indicate the occurrence of the unvoiced cognates of the voiced 
consonants shown. The figures were obtained from the words, syllables, and sounds 
occurring in telephone conversations after the exclusion of articles, names, titles, exclama- 
tions, letters, and numbers. 

An interesting feature of the report is the extent to which a few common words or 
sounds, by being used over and over, from a large part of ordinary speech. For example, 
eight different words and four different sounds account, respectively, for 25 per cent of 
the total words and sounds used. Thirty words and ten sounds account, respectively, for 
50 per cent of the total used. 

ARTIFICIAL LARYNX. The artificial larynx is based on the principle that the vocal- 
cord tone need not necessarily arise in the larynx in order that cavity modulation occur to 
form speech. It may be introduced into the vocal cavities through the mouth opening. 
A means for accomplishing this has been described by Riesz and is used by persons who 
have had their larynx removed by surgery. In this case, the windpipe is terminated by 
a small opening in the neck, through which the patient breathes. In using the artificial 
larynx, a flexible rubber tube is fitted over the neck opening and leads to a reed which 
vibrates with the passage of air. The vibrated air stream is led to the mouth opening by 
a flexible tube, and, with practice, the patient learns to modulate the sound and form 
speech by the ordinary articulatory movements. Firestone has described and demon- 
strated a form of artificial larynx for introducing various types of sounds through the 
mouth opening for vocal modulation. Mr. G. M. Wright has developed an artificial 
larynx in which sound is introduced into the vocal tract by means of vibrators attached 
outside the throat. The device has been used to produce unusual vocalized sound effects 
in radio work. 

ARTIFICIAL VOICE. An artificial voice described by Inglis, Gray, and Jenkins, 
designed for the measurement of microphones, consists of a small moving-coil loudspeaker 
having an opening somewhat larger than that of the human mouth. Its design provides 
for an undistorted acoustic power output comparable with powers produced in speaking. 
Its sound field approximates that of the human mouth to the extent that the loss in power 
delivered by a microphone with increasing distance between the mouth and the micro- 
phone is about the same for the artificial as for the human voice. 

THE VOCODER. A means is described by Dudley for continuously analyzing speech 
and utilizing the results of the analysis to synthesize or remake the speech. It is based on 
the principle that the intelligibility of speech is carried by the relatively low-frequency 
components produced by cavity modulation and that the ‘‘buzz tone”’ (vocal-cord modula- 
tion) and the “‘hiss tone”’ (frictional modulation) simply act as carrier waves which are 
modulated by the vocal cavities. Frequency range reduction is achieved by transmitting 
only the low-frequency modulations and employing them to modulate locally generated 
buzz and hiss tones. In one variation called the voder, speech is produced artificially 
by using a keyboard manipulated with the fingers for generating the carrier waves and the 
low-frequency modulations. 

VISIBLE SPEECH. A development described by Potter, in which speech is continu- 
ously analyzed and the results of the analysis portrayed to the eye in the form of visible 
patterns that one can learn to read, holds possibilities in the fields of visual hearing and 
visual telephony for the deaf, phonetic printing and retranslation into sound, the selective 
operation of automatic devices by voice sounds, and in the specialized fields of phonetics, 
linguistics, foreign language, music, ete To obtain readable patterns of speech sounds, 
the portrayal emphasizes the modulations that are important to intelligibility as illus- 
trated in Fig. 1. Frequency is shown vertically, time horizontally, and intensity by shades 
of gray. The stop gap (start-stop modulation), the plosive release (frictional modulation), 
and the voice bar (vocal-cord) modulation are indicated for the voiced stop consonant b. 
Likewise the vocal resonance bars (cavity modulation) are indicated for the vowel é. The 
u shows only two resonance bars which differ in position from those of the é. The transi- 
tion from é to u is shown also. The fricative fill for f is an example of frictional modula- 
tion. The patterns for voiced sounds show regular vertical striations, the space between 
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the striations indicating the pitch. Note the drop in pitch toward the end of ‘‘five.” 
The unvoiced sounds (frictional modulation) show irregularly spaced vertical striations 
indicating a lack of pitch. The patterns are read from the characteristic modulations of 
the sounds and the transitions between them. 


Voice bar for “B” 
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Fre. 1. Visible Patterns of the Words ‘‘Be up at Five” 


10. SPEECH POWER 


Since the wave forms of speech are complex, different types of speech power have been 
defined as follows: 

Instantaneous. The rate at which sound energy is being radiated by the speaker at 
any given instant. 

Average. The average speech power for any given time interval is the average value 
of the instantaneous speech power over that interval. 

Peak. The maximum value of the instantaneous speech powers occurring in a given 
time interval. 

Phonetic. The phonetic speech power is the maximum value of the average speech 
power in 0.01-sec intervals of a vowel or consonant sound. It is the maximum value of 
the envelope that results from plotting average power for 0.01-sec intervals against time, 
as the sound grows, remains steady, and decays. 

The quantity usually measured is the speech pressure at some convenient distance and 
direction from the mouth. Dunn and White have reported the results of measurements 
of various types of speech pressure and comparisons with earlier measurements, and Dunn 
and Farnsworth have reported on the direetional characteristics of the mouth as a radiator. 
The results are summarized in Table 2. They comprise statistical measurements of speech 
pressure vs. frequency range for conversational speech made with an arrangement for 
introducing any one of 14 band-pass filters into a speech circuit. The frequency range 
below 500 cycles was covered in one-octave steps. Above 500 cycles, each filter passed a 
range of about 1/2 octave. Provisions were made for measuring instantaneous, peak, and 
rms pressures in alternate time intervals of 1/g sec and also, for certain cases, in time 
intervals of 15 sec. Some 600 intervals of 1/g sec were usually measured for a given con- 
dition representing an integrated time of 75 sec. 

From the results it is possible to calculate the various types of speech power. This is 
done by converting pressure to power per square centimeter (intensity) by the relation 
I = p’/415, where I = intensity in microwatts per sq cm and p = pressure in dynes per 
sq cm at a given distance and direction from the mouth. The intensities in other direc- 
tions are obtained by weighting in accordance with the directional characteristics of the 
mouth, and P, the total power radiated, is then obtained by integrating over a spherical 
surface having a radius equal to the distance. The results of such calculations are given 
in the first row of Table 2 in the form of ratios expressed in decibels. The ratios depend 
upon the distance and direction from the mouth and the frequency range in which 7p is 
measured. The reference position is designated as 30, 0°, 0°, signifying 30 cm from the 
mouth at zero azimuth and altitude angles, i.e., directly in front of the mouth. The values 
when added to p expressed in decibels from 1 dyne per sq cm give P expressed in decibels 
from 1 microwatt. The values are based on distribution measurements for one voice. 
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The second and third rows give the long interval rms pressure p at 30, 0°, 0° in decibels 
from 1 dyne persq em. The rows designated ‘“‘men’’ and ‘“‘women” are averages for 6 male 
and 5 female speakers, respectively. By long interval is meant a time average over some 
600 1/s-sec intervals or 75 sec. Corresponding values in other bands may be obtained by 
taking p? as proportional to band width in cycles per second. Rows 4, 5, 6, and 7 show 
pressures p at different directions relative to the reference position. The mouth radiates 
maximally in a direction about 45° down from the horizontal. Rows 8 and 9 show peak 
pressures that are exceeded in 1 and 10 per cent of the 1/g-sec intervals relative to the 
long-interval values. One per cent peaks more than 20 db above long-interval pressures 
occur frequently. Corresponding values for other bands may be obtained approximately 
for peaks occurring less than 10 per cent of the time, by proceeding as though they were 
rms pressures. The peak-factor data are essentially the same for both men’s and women’s 
speech. 

Rows 10, 11, and 12 show the distribution of 1/s-sec rms pressures relative to the long- 
interval values given in rows 2 and 3. Distributions for the three low-frequency bands 
are very similar to the whole spectrum distribution, row 11. Distributions for the remain- 
ing bands are very similar to that for the 700 to 1000 cycle band given in row 12. These 
distributions are about the same for both men’s and women’s speech. 

Rows 13, 14, and 15 give distributions of instantaneous and peak pressures relative to 
the long-interval rms pressure. The distribution for instantaneous pressures is based on 
data for a single male voice. 

The last two rows give data on the distribution of long-interval rms pressures among 
various speakers reported by Fletcher. 

The results in Table 2 indicate a long-interval total speech power, averaged for 6 men, 
of 34 microwatts. The corresponding figure averaged for 5 women is 18 microwatts. 
These values are somewhat larger than that of 10 microwatts given formerly. Some 2 db 
of this difference is due to the method of converting measured pressures to radiated powers. 
These values obtain for continuous connected speech. If the silent intervals (about 1/5 
to 1/3 of the total time) are excluded, the average is increased about 25 to 50 per cent. 
The above values hold for about 30 per cent of the speakers. One per cent of the speakers 
may radiate powers in excess of 272 microwatts. If one shouts as loudly as possible, 
the total power may reach 3400 microwatts, an increase of 20 db. For a very faint but 
intelligible whisper, the total power may fall to 0.0034 microwatt, a drop of 40 db. 

In 1 per cent of 1/g-sec intervals, the peak power may exceed the long-interval total 
power in connected speech by 20 db. Thus total peak powers of the order of 3400 micro- 
watts may be reached by average male voices. 

The ah (father) is about the loudest sound in speech. Fletcher reports a total phonetic 
power of 41 microwatts for this sound. Corresponding values for other sounds may be 
obtained from the column designated L1 of Table 1. These obtain for discrete words or 
syllables spoken at conversational level. Peak powers of the order of 1600 microwatts 
for the ah sound were obtained under these conditions. Wolf, Stanley, and Sette report 
total phonetic powers of 1 watt when the vowel ah is sung by professional singers. To be 
consistent with the data reported in Table 2, the total phonetic powers given above should 
be increased by 2 db. 

Sivian reports on changes in the frequency distribution of speech power as a speaker 
changes from a low (confidential) talking level to a normal (conversational) level and to a 
high (declamatory) level. The total change in power from low to high was about 24 db. 
In general, power was transferred from the frequency range below 500 cycles to the range 
between 500 and 4000 cycles as the talking level was raised. To be representative of 
declamatory speech, the values in the bands below 500 cycles given in row 2, Table 2, 
should be decreased about 4 db and values between 500 and 4000 cycles should be in- 
creased about 3 db. 


11. POWERS PRODUCED BY MUSICAL INSTRUMENTS 


In music, as in speech, various aspects of power—peak, average, etc.—must be dealt 
with. A comprehensive report on the powers produced by the various musical instru- 
ments and by orchestras has been given by Sivian, Dunn, and White. The report also 
describes in some detail the band-pass filter apparatus discussed in article 10 on speech 
power. Two types of measurements were made on the waves, the average pressure 
in 15-sec intervals and the peak pressures in 1/g-sec intervals. The pressures are the field 
pressures at the position in the field where the microphone of the measuring circuit was 
placed. For the measurements on individual instruments, the position of the microphone 
with respect to the source varied with instrument. For the orchestra, the microphone 
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was placed near the conductor’s stand. By making assumptions as to the radiating prop- 
erties of the instruments, and of the orchestra, their total power outputs could be estimated. 

Table 3 gives the average and peak pressures at the positions of measurement as indi- 
cated. The columns “total peak power” give the total power radiated by the instru- 
ments, computed on the basis of assumptions indicated in the table. The left half of the 
table applies to the whole spectrum; the right half to the bands containing the maximum 
peaks. 

An average of three methods was used for determining the total power radiated by the 
piano. In the first method, the diffuse pressure in a room of known reverberation was 
measured and the power calculated. In the second method, from auxiliary measurements, 
it was shown that the measured diffuse pressure was the same as if the total power output 
were distributed over a sphere of radius 5.37 ft. In the third method, the diffuse pressure 
was compared with the pressure measured in the opening between the raised top (grand 
piano) and the sounding board. The radiated power was assumed to be uniform over 
the area of the opening, 3 ft by 6 ft. The three methods gave peak powers of 0.166, 0.437, 
and 0.198 watt, respectively. 

The measurements on the 15-piece orchestra were made in the same room as the piano 
measurements, and methods 1 and 2 were used to obtain the total power. The sounds 
from the 75-piece orchestra were picked up in a theater, and suitable acoustic data for 
using the above methods were not available. It was assumed that the radiation was 
uniform over a hemisphere of 15-ft radius. The measurements on the pipe organ were 
made in the same theater. 

Because of the uncertain assumptions in calculating total powers, the measured values 
of pressure are also given in Table 3. The peak pressures were measured within a range 
of +3 db, and the percentage of 1/3-see intervals that the power fell within this range is 
indicated. The peak pressures are useful in determining the amplitudes that pick-up 
instruments and amplifiers must handle, and the total peak powers for determining the 
requirements that must be met by power amplifiers and loudspeakers when reproduction 
of the original level is desired. The most powerful single instrument is a bass drum, which 
radiates a power of about 25 watts, primarily in the low-frequency ranges. A large orches- 
tra is capable of radiating power of about 60 to 70 watts. This is about 70,000 times the 
peak power of speech. 

Figure 2 (from Fletcher) shows the frequency distribution of the maximum and most 
probable peak powers for a 75-piece orchestra. The curves are based on average measure- 
ments of four selections which gave whole-spectrum peak powers from 8 to 66 watts, and 
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average powers from 0.08 to 0.13 watt. The zero line corresponds to an average power 
of about 1/19 watt. The ordinate is the ratio expressed in decibels of the peak power per 
octave to the whole-spectrum average power. 


A violin player, when asked to play at the lowest level that could be used with an 
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audience, produced a whole-spectrum average pressure of 0.52 dyne per sq cm for a 3-ft 
distance. The highest peak observed for the bass drum was 1260 dynes per sqem. Thus 
a range of at least 68 db is indicated between the highest and lowest amplitudes in music. 
The estimated range probably errs in the direction of being too small rather than too large. 


12. TESTS OF SPEECH AND MUSIC TRANSMISSION 


The performance of a system for the transmission and reproduction of speech or music 
can be expressed in terms of objective measurements involving a determination of its 
characteristics for steady-state sinusoidal waves of different frequency, or in terms of 
subjective measurements involving the satisfactoriness of the system from the viewpoint 
of the person receiving the signals. This section is concerned with the subjective type of 
measurement which involves, for speech, the recognizability and the naturalness of the 
reproduced sounds, and for music, the emotional and esthetic properties of the reproduc- 
tion. Measurements of this kind may be classed as laboratory and field measurements. 
The former are particularly adapted to fundamental studies of the effects of various 
physical factors on the reproduction; the latter, to evaluating performance under condi- 
tions of actual use. 

LABORATORY TESTS. The articulation test has come into wide use as a laboratory 
method of measuring the recognizability of received speech sounds. One form of the test 
which was used in obtaining the data given in the next article has been described by 
Fletcher and Steinberg. In this form, a speaker utters the various speech sounds and an 
observer writes down the sounds which he hears. The observed sounds are compared 
with the called sounds, and the percentage of the called sounds that were correctly recog- 
nized is obtained. This percentage is the articulation. To call the sounds, they are 
combined in a random manner into syllables of the consonant-vowel-consonant type 
which have no meaning in English. The syllables are spoken as parts of introductory 
sentences, such as, ‘“‘Please record the syllable .’ The sounds used are those shown in 
Table 1 (p. 12-20), and they occur with uniform frequency in the testing lists. The per- 
centage of the total number of spoken syllables which are correctly observed is called 
the ‘‘syllable articulation.’’ The ‘‘sound articulation”’ is the percentage of the total num- 
ber of spoken sounds which are correctly observed. When attention is directed toward 
a specific fundamental sound, e.g., b, the term “individual sound articulation’”’ is used. 
Similarly, ‘‘vowel articulation” is the percentage of the total number of spoken vowel 
sounds which are correctly observed. 

To obtain reproducible and representative results it is important that the testing crew 
have normal voices and hearing and that they be thoroughly familiar with the method. 
The best number of voices and observers and the amount of testing material required 
depend on the discrimination which is desired. For most of the data reported in the next 
article, each of 8 callers reads a list of 66 syllables to 4 observers. Practice effects of two 
kinds occur, a short-term period of improvement when the crew tests unfamiliar condi- 
tions, and gradual long-term changes in skill. The first may be eliminated by repeating 
tests; the second may be evaluated by suitable control tests on reference circuits. The 
use of automatic equipment to facilitate the control of variable factors is very advanta- 
geous, particularly when considerable testing is done. Castner.and Carter have described 
equipment of this kind. The sounds that the observer hears are recorded, and the re- 
corded result is analyzed into various articulation values, automatically within a few 
seconds after the test is completed, by suitable selecting and recording equipment. In 
addition, various circuit conditions to be tested are set up at the proper time, the talking 
levels of the callers are measured, and numerous other steps in a test are accomplished 
automatically. 

Another type of test that has been used somewhat is the “‘intelligibility test.’’ In some 
such tests, short sentences of the interrogative or imperative form containing a simple 
idea are used. The sentences are considered to be understood if the observer either 
records the sentence or records an intelligent answer. In others, English words, selected 
at random from print, are used. The ‘‘discrete sentence intelligibility” is the percentage 
of the total number of called sentences which are correctly understood. Similarly, the 
“diserete word intelligibility” is the percentage of called words correctly observed. Fig- 
ures 3 and 4 illustrate the types of relations between these intelligibilities and syllable 
articulation. The intelligibility tests are useful in testing very poor systems having an 
articulation of only a few per cent, which are used sometimes in fundamental studies. 

Articulation and intelligibility tests afford a quantitative measure of the intelligibility 
of reproduced speech. The naturalness of speech and music, and the emotional and 
esthetic appeal of musical sounds, are less definite, and have been studied principally by 
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means of the AB judgment test. In this test, the observer listens to two conditions, A 
and B, and judges which condition is distorted, or which condition is the poorer, etc., 
depending on the study. Sometimes one condition may be the original sound and the 

100 other condition the repro- 
duced sound. Although such 
tests do not always give a 
quantitative measure of the 
effects of distortion on natu- 
ralness, esthetic appeal, etc., 
they do afford a means of 
measuring the just-noticeable 
amounts of distortion. This 
type of test was used in stu- 
dies on the audible frequency 
ranges of music, speech, and 
noise which have been re- 
ported by Snow. 

FIELD TESTS. The re- 
sults of such laboratory tests 
cannot be taken to indicate 
directly the performance of 
actual circuits under service 
conditions. In service, there 
is a wide range of variation in 
a number of conditions, such 
as the subject matter of con- 
0 20 40 60 B0 too versations, the manner in 

Syllable Articulation which the transmitter is spo- 
Fic. 3, Discrete Sentence Intelligibility vs. Syllable Articulation ken into, the way in which the 
receiver is held to the ear, and 
the reactions of telephone users to the various circuit conditions. Because it is difficult 
to specify definitely such conditions and hence simulate them in the laboratory, the repeti- 
tion test, which has been described by Martin, has come into use. In this test, observations 
are made on telephone circuits under service conditions. Essentially, the test is that of 
noting the repetitions in a 
telephone conversation and 
from a number of observa- 
tions determining the repe- 
tition rate. Martin’s paper 
describes repetition obser- 
vations on conversations be- 
tween several hundred sta- 
tions in the American Tele- 
phone and Telegraph Com- 
pany headquarters building 
and a similar number of sta- 
tions in the Bell Telephone 
Laboratories building. To 
provide data for rating 
transmission performance, 
the station instruments and 
the transmission character- 
istics of the interconnecting 
trunks were varied and the 
effects on repetition rate de- 
termined. McKown and 
Emling have described a 
system of effective trans- 
mission data for rating tele- 
phone circuits, based on the 
results of such tests and Fig. 4. Discrete Word Intelligibility vs. Syllable Articulation 
articulation tests 

OTHER TESTS. During the war a number of new tests were devised for testing 
speech transmission under conditions obtaining in military operations. See: Transmission 
and Reception of Sounds under Combat Conditions, Miller and Weiner, Columbia University 
Press, New York, 1948. 


80 


60 


Discrete Sentence. Intelligibility 


Discrete Word Intelligibility 


Syllable Articulation 


Ee ee eee 


EFFECTS OF DISTORTION ON SPEECH AND MUSIC 12-29 


PREDICTION OF ARTICULATION TEST RESULTS. On many types of speech- 
transmission circuits it is possible to measure the circuit characteristics and noise levels 
and by means of these data compute the articulation score that would be obtained. Com- 
putational methods are also useful in the design of equipment for speech circuits and of 
considerable theoretical interest in the study of the interpretation of speech sounds. 
See: Beranek, L. L., Design of Speech Communication Systems, Proc. IRE, Vol. 35, 80 
(1947); French and Steinberg, Factors Governing Intelligibility of Speech Sounds, J. 
Acous. Soc. Am., Vol. 19, 90 (1947); and Fletcher and Galt, The Perception of Speech and 
Its Relation to Telephony, J. Acous. Soc. Am., July 1950. 
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EFFECTS OF DISTORTION ON SPEECH AND MUSIC 


By John C. Steinberg and W. A. Munson 


In studies of the effects of distortion, it is desirable to have a suitable reference system. 
Under certain conditions, air transmission from speaker to observer approaches such a 
reference. Owing to practical difficulties in changing and controlling an air transmission 
system, it is convenient to use electrical systems composed of transmitters, amplifiers, 
and receivers or loudspeakers. By suitable calibration and equalization, such systems 
can be made to approach air in transmission properties, and various amounts of degrada- 
tion or improvement can be introduced. Circuits of this type have been studied by means 
of articulation and judgment tests and the effects of various kinds of distortion de- 


termined, 
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13. EFFECT OF FREQUENCY DISTORTION 


AUDIBLE FREQUENCY RANGES OF MUSIC, SPEECH, AND NOISE. One step 
in the evaluation of the effects of distortion on the interpretation of sounds is the deter- 
mination of the just-noticeable amounts of distortion. Snow has reported the results of 
tests on the lower and upper frequency limits of various types of sounds. The sounds 
as produced in one room were picked up by a microphone and transmitted to a second 
room where they were reproduced by means of loudspeakers. By means of filters, all 
frequencies above or below any desired cutoff could be suppressed. By comparing the 
unfiltered with the filtered transmission, trained observers determined the just-detectable 
upper and lower cutoffs. The results of the tests are shown in Fig. 1. The ends of the 
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lines representing the audible ranges are the cutoffs where the correct judgments amounted 
to 60 per cent. Circles mark the cutoffs where 80 per cent correct judgments were ob- 
tained. The musical sounds produced by many of the musical instruments were accom- 
panied by noise such as key clicks, lip noises, “‘buzz’’ of reeds, and hissing of air. As far as 
possible, the observers tried to distinguish between tone and noise. The lines indicate 
their decision as to the actual tone range, and the short vertical lines indicate the noise 
range. In all cases, the upper frequency limit exceeds very greatly the frequencies of the 
highest notes that the instruments were capable of producing. Except for the piano, the 
lower limit was always set up by the frequency of the lowest note that could be produced. 

EFFECT OF CUTOFF FREQUENCY ON ORCHESTRAL QUALITY. An addi- 
tional type of test was made with music furnished by an 18-piece orchestra. In this test 
the filtered reproduction was always presented on the B condition, and the unfiltered on 
the A condition. The observers were asked to rate the quality of the B condition as a 
percentage of the A condition. A rating of less than 100 per cent indicated a degradation; 
a rating of more than 100 per cent indicated an improvement. The various cutoffs oc- 
curred on the B condition in random order. The results of this test are given in Fig. 2. 
The judgment of the ten observers taking part in this test was that the quality increased 
rapidly as the cutoff was extended upward to 8000 cycles or downward to 80 cycles. 
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The results, in view of the nature of the test, were surprisingly consistent. In only about 
3 per cent of some 400 observations was the quality of a filtered system given a rating 
greater than 100 per cent, so that, in general, the reproduction of the full audible range 


was preferred. 
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14. ARTICULATION TESTS 


RELATION BETWEEN ARTICULATION AND LEVEL OF SPEECH ABOVE 
THRESHOLD. The articulation test affords a means of dealing with the effects of dis- 
tortion in a more quantitative way than does the judgment test. An extensive series of 
articulation studies have been reported by Fletcher and Steinberg, for widely varying 
types of distortion. Figure 3 shows the effect, on syllable articulation, of changing the 
received speech level (see also article 31). In the range from 10 to 40 db above threshold, 
the articulation increases rapidly with increasing level. In the range from 50 to 90 db 
there is little change with increasing level. Experimentally it has been determined that, 
if a speaker radiates the average speech power of 10 microwatts, a listener of normal hear- 
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ing 1 meter away in the undisturbed sound field will hear the speech at a level of about 
62 db above threshold. Figure 3 shows that this level is sufficient to insure very good 
articulation. It is a level that would obtain in conversing at a meter’s distance in a quiet, 
well-damped room. A more detailed picture of the effects of speech level on articulation 
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is obtained by grouping the sounds into five groups, where the sounds in each group have 
somewhat similar properties. The grouping used is: long vowels—a, 4, @, 0, 0, u; short 
vowels—a’, e, 2, 0, u, w, y; nasal 
consonants—l, m, n, ng, 7; stop con- 
sonants—b, ch, d, g, h, j, k, p, t; 
fricative consonants—/, s, sh, st, th, 
th’ (then), v, z, zh (see Table 1, p. 
12-20). Figure 4 shows the group 
articulation vs. speech level. As 
the level is increased from thresh- 
old, the vowels are the first to be 
recognized and are followed in order 
ax apa Ad! by the nasal, stop, and fricative 
Long Vowels 113 consonants. The apparent differ- 
—— Short Vowels 113 ences between the levels of the 
46 i cred hag eee ns sound groups, as judged from artic- 
i ene eeanconar 99 ulation tests, correspond approxi- 

mately with the differences in av- 
| erage phonetic powers shown in 
a the insert. For example, the vowel 
articulation at a level of 25 db is 

about 90 per cent. The nasal con- 
sonant group must be increased 6 
, db from the 25-db level for an ar- 
0) 20 40 60 80 100 ticulation of 90 per cent, and the 
DB above Threshold stop and fricative consonants must 

Fia. 4. Effects of Speech Level on Sound Articulation be increased by 10 and 13 db, re- 

spectively. 

EFFECT ON ARTICULATION OF REMOVING PORTIONS OF THE SPEECH 
FREQUENCY RANGE. To determine the effects of frequency distortion on articula- 
tion, electrical filters were introduced into a circuit that was otherwise reasonably free 
from distortion. One type of filter (low-pass filter) eliminated all components above a 
chosen cutoff frequency and uniformly transmitted the remainder of the range. Another 
type (high-pass filter) eliminated all components below a chosen cutoff frequency. Fig- 
ure 5 shows the effects on articulation of changing the cutoff frequency of these filters. 
The level of the speech, before the filter was introduced, was held constant at 70 db above 
threshold. The curves marked L.P. are for the case where components below the cutoff 
frequency were transmitted; for the H.P. curves, components above the cutoff frequency 
were transmitted. The cutoff frequency at which the L.P. and H.P. curves intersect is 
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a frequency such that the frequency range below it has an articulation equal to the fre- 
quency range above it. This intersection frequency is always higher for female than for 
male speech, indicating that the higher-frequency ranges are more important for female 
speech. The frequency range in which the curves bend down is the range of importance 
in articulation, which as may be seen varies from one sound group to another. 
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EFFECTS OF AN EXTRANEOUS NOISE ON ARTICULATION. As pointed out 
in the article on masking, noise has the effect of shifting the threshold of audibility of 
other sounds heard in the presence of noise. If the masking of a noise is reasonably 
uniform over the important speech frequency range, articulation tests made in the presence 
of noise show that the main effect is to shift the curves of articulation vs. level above 
threshold. Figure 6 shows articulation vs. level for a quiet circuit and for the circuit with 
noise present at three different levels. The corresponding masking effects of the noise 
are shown by the insert (noise audiogram). The abscissa of the articulation vs. level 
curves gives the decibels above threshold of the speech on a quiet circuit. The amounts 
of the shift in the articulation curves correspond reasonably well with the average amounts 
of masking produced by the noise. When both the speech and noise levels are high, the 
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observed articulation values are less than would be indicated by a simple shift in the 
articulation-level curves. Modulation between the speech and the noise then takes place 
in the ear, which decreases the maximum value of articulation that can be obtained. 
When the masking is confined to a limited portion of the speech frequency range, such as 
that produced by a 2000-cycle tone, the effects on articulation cannot be represented by a 
simple shift in the articulation vs. level curves. In this case, the curves are both shifted 
and changed in shape. Moderate amounts of deafness affect articulation in much the 
same way as noise. When the hearing loss is uniform with frequency, the articulation 
to be expected is that obtained by a corresponding shift in the normal articulation vs. 
level curve. 

EFFECT OF RESONANCE TYPE OF FREQUENCY DISTORTION ON ARTICU- 
LATION. A very common type of distortion occurring in transmission systems is that 
of resonance. Figure 7 shows the effects of a resonant peak at 1100 cycles, on articulation. 
The left-hand curves, numbered 2 and 3, show the loss in decibels at each frequency 
relative to the loss in the uniform system designated as 1. The right-hand curves show 
articulation vs. level for the three systems. The abscissa is the decibels above threshold 
of the normal speech, i.e., before inserting the resonance distortion. At the lower speech 
levels the decrease in articulation due to the distortion is much greater. Most of the 
articulation loss for a resonance type of distortion appears to arise because those sounds 
which have their important components in the frequency ranges removed from resonance 
are received at effectively lower than normal levels. For example, a large part of the 
important frequency range for fricative consonants is received at a level some 30 to 40 db 
below normal in curve 3. When the normal level is low, this further reduction causes 
appreciable articulation losses. Although the articulation at optimum received levels may 
not be seriously affected by resonance distortion, the tonal character or naturalness of the 
distorted speech is appreciably impaired. 
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EFFECTS OF NON-LINEAR DISTORTION ON ARTICULATION. Non-linear dis- 
tortion arises when the output of a system is not proportional to the input. There are 
two cases of interest: (a) when the output increases at a more rapid rate than the input; 
(b) when the output increases at a slower rate than the input. In both, modulation 
products or extraneous frequencies are introduced for the intense sounds when they cover 
an appreciable part of the curved portion of the input vs. output characteristic. The 
result is a decrease in the articulation of such sounds. The amount of the decrease de- 
pends upon the amount of the curvature. In addition, in (a) the intense sounds are 
amplified relative to the faint sounds, which has the effect of decreasing the articulation 
of the faint sounds. In (b) the faint sounds are amplified relative to the intense sounds. 
This has the effect of increasing the articulation and may, if the received speech level is 
below the optimum receiving level, offset the decrease due to modulation effects. For 
optimum receiving levels, however, the net result is always a decrease in articulation when 
the system is free from noise. 

EFFECTS OF CLIPPING ON ARTICULATION. Articulation tests that have been 
made with voice-operated relays give an indication of the importance to articulation of 
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initial portions of the duration intervals of speech sounds. In the tests, syllables of the 
consonant-vowel-consonant type were spoken at intervals of about 3 sec. A circuit 
having a relay adjusted so as to break contact almost simultaneously with the beginning 


ARTICULATION TESTS 


12-35 


[| 


of asyllable was used. The contacts 100 
of a second relay formed a short cir- 90 a 
cuit across the receiver. The oper- 

ation of the first relay caused the 80 
second relay to break contact after 70 
an interval of time depending on the 

time constants of the relay circuit 8 we) 
alone. The time taken for the sec- 50 
ond relay to operate represents the © 
time clipped from the initial con- < *° 
sonants of the syllables. Figure 8 30 
shows the initial consonant articula- 

tion plotted against the operating 29 
time of the second relay. The data 10 
indicate that equal elements of time 


in the duration intervals of the 
- sounds were of equal importance to 
the average articulation. For ex- 
ample, the average duration time of 
the initial consonants in these tests 
was about 0.16 sec. 
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When a time interval of 0.08 sec was clipped from the sounds, the 


articulation was decreased by a factor of about 50 per cent. 
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tion is greater when the frequencies are shifted to low 
toward higher values. 


ULATION. One type of frequency 
shift, namely, the multiplication 
of frequencies by a constant fac- 
tor, occurs when the speed of a 
sound film or phonograph turn- 
table during reproduction is dif- 
ferent from the speed used during 
recording. The effect of this type 
of distortion on articulation is 
shown in Fig. 9. Another type, 
the addition or subtraction of a 
constant number of cycles to all 
frequencies, oceurs when the fre- 
quency of the carrier at the mod- 
ulating end differs from that at 
the demodulating end of a carrier 
system. The effect of this type 
of shift is shown in Fig. 10. In 
general, the decrease in articula- 
er values than when they are shifted 


0 


In the first type of distortion the duration of the sounds is 


changed, whereas in the second type the duration is unchanged. In the first type the har- 


monic relationship is maintained, whereas in the 
second type this relationship is not preserved. In 
order to interpret speech sounds perfectly it seems 
to be necessary to preserve both these properties. 
EFFECTS OF PHASE DISTORTION ON AR- 
TICULATION. The aspect of phase distortion that 
has received most attention is the so-called “‘delay 
distortion” which arises when the phase characteris- 
tic of a transmission system is not proportional to 
frequency but is of the type shown by the curved 
line in Fig. 11. This type is of interest because it 
occurs in loaded lines and in low-pass filters. The 
delay distortion (see Section 5, article 9) is the dif- 
ference between the slope of the phase characteristic 
at any frequency f and the minimum slope, and is 
usually expressed in the form 
(ealae 
0a) y dw / min 
where @ is the phase shift in radians and w = 2zf. 
The approximate effect of this type of distortion is 
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ponents near f, with respect 
to those components in the 
range of minimum slope, by 
the amount of the delay dis~ 
tortion. The effects on ar- 
ticulation of delaying various 
portions of the speech fre- 
quency range are shown in 
Fig. 12. In these tests, a 
nominal undistorted speech 
frequency range of 0 to 4500 
cycles was divided into two 
parts by means of filters and 
each part transmitted through 
a different channel. After 
transmission the two parts 
were recombined. The phase 
characteristic of each channel 
approximated a straight line 
over the greater part of the 
frequency range. The slope 
of the characteristic of one 
channel could be increased by 
various amounts over that of 
the other channel. One chan- 
nel thus introduced a definite 
time delay, in the sense used 
here, with respect to the other 
channel, i.e., a delay given by 
the difference in the slopes of 
their phase characteristics. 
The articulation values de- 
crease with increasing delay 
and approach the articulation 
of the more intelligible band 
which was also the least- 
delayed band. 

To determine the effects on 
articulation of delay distor- 
tion which varied continu- 
ously with frequency, a sys- 
tem having the delay-distor- 


tion characteristics shown in Fig. 13 was studied. These characteristics were obtained from 


network sections of the all-pass type. 


By using different numbers of sections, different 


amounts of delay distortion could be obtained. The attenuation characteristics of the 


networks were equalized to 
2500 cycles, and a 2400- 


cycle low-pass filter having = OE 

negligible phase distortion z 

was associated with the net- 3 0.08 

works. Figure 14showsthe ,®@ 0.07 

effect of the delay distortion £ 

on articulation. = 0.06 
To study the effects of de- ane 0.05 

lay distortion at higher fre- 

quencies, articulation tests ae 

were made on a system con- S 0.03 

taining first one, and then @| 3 

twenty-five, 5000-cyclelow- <el 9-07 


pass filters in series. In both 
cases, the attenuation was Ala 
equalized to 5000 cycles. (0) 
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the tests are shown in Fig. 15. Because the component frequencies near the cutoff are 
delayed by phase distortion of this type, they fail to contribute their normal amounts to 
the total articulation carried by the unattenuated frequency band. Thus the distortion 
has the effect of reducing the transmitted frequency range, /so that the effective trans- 
mitting range depends upon both the phase and the attenuation characteristics. 
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AUDIBLE EFFECTS OF PHASE DISTORTION. Quite aside from the effects on 
articulation, when speech from a system having phase distortion is compared with that 
from a system of negligible distortion, it is noticed that the distorted speech is accom- 
panied by certain audible effects which appear to be extraneous to the speech and transient 
in character. These effects, which are due to components of different frequencies arriving 
at different times, are often termed ‘‘birdies’’ or ‘‘tweets,”’ for delay distortion of the type 
shown above. Their noticeableness depends upon the amount of delay distortion and 
the frequency range in which it occurs. For speech, it was found that one section of the 
all-pass network, when associated with a 2400-cycle low-pass filter, had sufficiently small 
delay distortion so as to be just noticeable. This determination was made by alternately 
listening to speech from the system under two conditions: one, the filter alone; two, the 
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filter with the all-pass network. Judgments of which condition contained the network 
were correct about 50 per cent of the time and wrong about 50 per cent of the time for 
one section of the network. The total delay distortion at the cutoff frequency in this 
case, i.e., that due to the filter plus that due to one section of the network, was about, 
0.006 sec. When three sections were used the distortion was easily noticed. 
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Similar tests with the 5000-cycle low-pass filters indicated that some number between 
5 and 10 filters in tandem would cause just-noticeable distortion and that the distortion 
was clearly noticeable for 20 filters in tandem. The amount of delay distortion at the 
cutoff frequency for 5 filters is about 0.0038 sec, and for 10 filters about 0.006 sec. 

The above figures depend somewhat upon the attenuation characteristic as the cutoff 
frequency is approached, small amounts of attenuation reducing the noticeability of the 
effects. The figures also vary somewhat with individuals, depending upon their experi- 
ence and hearing characteristics. 

Tests on piano reproduction when single notes were struck or when a passage of music 
was played indicated that the distortion caused by 25 of the 5000-cycle low-pass filters in 
tandem was not noticeable. As in speech, it would be expected that the noticeableness 
of the distortion would depend upon the frequency range in which it occurs. In general, 
the effects of delay distortion on music are very much less noticeable than on speech, 
which is probably due in part to the more sustained character of music. 

EFFECTS OF ROOM REVERBERATION ON ARTICULATION. To determine the 
effects of room reverberation on articulation, the microphone of a system substantially 
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free of distortion was placed in a room having variable reverberation conditions. The 
room dimensions were 20 ft by 30 ft by 15 ft. The reverberation time was practically 
uniform over the important speech frequency range. The articulation tests were made 
under three conditions of reverberation, corresponding to the reverberation times 1.2, 2.2, 
and 4.0 sec, and for the following four distances between the diaphragm of the microphone 
and the lips of the speaker, 0.12 ft, 0.66 ft, 3.0 ft, and 15 ft. In all the tests, the speaker 
faced toward the microphone. Observers listened in another room, by means of head 
receivers, to the speech picked up by the microphone in the reverberant room. A volume 
indicator was used to measure the level of the speech from the microphone. The instru- 
ment measures, substantially, the phonetic power of the vowel sounds. The gain of the 
system between microphone and receiver was set so that the level of the speech received 
by the observers, for the close talking condition, was 74 db above threshold. The gain 
of the system was then kept constant for all tests. The loss in speech level vs. distance 
between microphone and speaker, and the articulation results, are shown in Fig. 16. The 
speech level decreased inversely as the square of the distance for distances up to 1 ft from 
the transmitter, but at the 15-ft distance the level was some 12 db greater than the level 
obtained by assuming the inverse square relation. The solid curves designated as ‘“‘sys.” 
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show articulation vs. distance between speaker and microphone, for the system alone. 
They are graphs of the data of Figs. 3 and 4, where level above threshold has been con- 
verted into distance between speaker and microphone. This was done by means of the 
solid curve showing loss in speech level vs. distance, and taking the level for zero loss as 
74 db above threshold. This level is, of course, some 20 db less than the level the observer 
would have received if the speaker had spoken directly into his ear from a distance of 0.12 ft. 
A comparison of the curves indicates that the various sound groups were not uniformly 
attenuated by increasing the distance between speaker and microphone. For a given 
distance, the effect of increasing the reverberation time was always in the direction of 
decreasing the articulation, even though the received speech levels increased as the rever- 
veration increased. For distances up to 15 ft, at least, the articulation was appreciably 
less for a reverberant room than it would be for one with perfectly absorbing walls. 


15. AUDITORY PERSPECTIVE 


Part of the emotional and esthetic appeal of sounds, when listened to directly with both 
ears, may be ascribed to the appreciation of their spatial character. When this property 
of sound waves is preserved in reproduction, the sounds are said to be reproduced in true 
auditory perspective. Ideally, there are two ways of accomplishing such reproduction. 
One is binaural reproduction, which aims to reproduce in the distant listener’s ears, by 
means of head receivers, exact copies of the sound waves that would exist in his ears if he 
were listening directly. In this case, a complete system consisting of microphone, line, 
and receiver is used for each ear. The other method uses loudspeakers and aims to repro- 
duce in the distant hall an exact copy of the pattern of sound vibration that exists in 
the original hall. In the limit, an infinite number of microphones and loudspeakers of 
infinitesimal dimensions would be needed. In a symposium on reproduction in auditory 
perspective the basic requirements for the production of orchestral music were discussed 
and a practical system designed to achieve auditory perspective was described (Bell 
Sys. Tech. J., April 1934). 


BIBLIOGRAPHY 


Auditory Perspective, a collection of six papers, Bell Sys. Tech. J., April 1934, p. 239. 

Fletcher, An Acoustic Illusion Telephonically Achieved, Bell Lab. Rec., June 1933, p. 286. 

Galt, R. H., Noise Out-of-doors, J. Acous Soc. Am., July 1930, p. 30. 

Snow, W. B., Audible Frequency Ranges of Music, Speech, and Noise, J. Acows. Soc. Am., July 1931, 


. 155. 
Steinberg, J. C., Effects of Distortion on the Recognition of Speech Sounds, J. Acous. Soc, Am., October 
1929, p. 121. 
Steinberg, J. C., Effects of Phase Distortion on Telephone Quality, Bell Sys. Tech. J., July 1930, p. 550. 
Steinberg and Snow, Auditory Perspective and the Physical Factors Affecting It, Bell Sys. Tech. J., 
April 1934, p. 245. 
Tucker, R. S., Noise in Buildings, J. Acous. Soc. Am., July 1930, p. 59. 


ACOUSTIC PROPERTIES OF ROOMS 


By Vern O. Knudsen 


The acoustic quality of nearly all communication systems, as radio, television, teleph- 
ony, motion pictures, phonograph recording, hearing aids, and public-address and other 
sound-amplifying or -reproducing systems, is largely influenced by the acoustic properties 
of the rooms in which the sound to be transmitted or recorded is generated, and in which 
this sound is reproduced. 

The following definitions pertinent to the acoustic properties of rooms have been selected 
from American Standard Acoustical Terminology—Z24.1-1942 (see J. Acous. Soc. Am., 
Vol. 14, 84-110 [1942] for these and other pertinent definitions). 

Effective Sound Pressure (P). The effective sound pressure at a point is the root 
mean square value of the instantaneous sound pressure over a complete cycle, at that 
point. The unit is the dyne per square centimeter. 

Pressure Level.* The pressure level, in decibels, of a sound is 20 times the logarithm 
to the base 10 of the ratio of the pressure P of this sound to the reference pressure Po. Un- 
less otherwise specified, the reference pressure is understood to be 0.0002 dyne per sq cm. 


*In discussing sound measurements made with pressure or velocity microphones, especially in 
inclosures involving normal modes of vibration or in sound fields containing standing waves, caution 
must be observed in using the terms “‘intensity’” and “‘intensity level.’ Under such conditions the 
terms ‘‘pressure level’ or ‘‘velocity level’’ are preferable since the relationship between the intensity 
and the pressure or velocity is generally unknown, 
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Velocity Level.* The velocity level, in decibels, of a sound is 20 times the logarithm 
to the base 10 of the ratio of the particle velocity of the sound to the reference particle 
velocity. Unless otherwise specified the reference particle velocity is understood to be 
5 X 10~* cm per sec effective value. 

Sound Energy Density (E). Sound energy density is the sound energy per unit volume. 
The unit is the erg per cubic centimeter. 

Sound Intensity * (J). The sound intensity of a sound field in a specified direction 
at a point is the sound energy transmitted per unit of time in the specified direction through 
a unit area normal to this direction at the point. The unit is the erg per second per square 
centimeter, but sound intensity may also be expressed in watts per square centimeter. 

Intensity Level * (Jz). The intensity level, in decibels, of a sound is 10 times the 
logarithm to the base 10 of the ratio of the intensity I of this sound to the reference in- 
tensity Jo. Unless otherwise specified the reference intensity Ip shall be 10716 watt per 
sq cm. 

Echo. An echo is a wave which has been reflected or otherwise returned with suffi- 
cient magnitude and delay to be perceived in some manner as a wave distinct from that 
directly transmitted. 

Multiple Echo. A multiple echo is a succession of separately distinguishable echoes 
from a single source. 

Flutter Echo. A flutter echo is a rapid succession of reflected pulses resulting from a 
single initial pulse. If the flutter echo is periodic and if the frequency is in the audible 
range it is called a musical echo. 

Noise. Noise is any undesired sound. 

Acoustic Reflectivity. The acoustic reflectivity of a surface not a generator is the 
ratio of the rate of flow of sound energy reflected from the surface, on the side of incidence, 
to the incident rate of flow. Unless otherwise specified, all possible directions of incident 
flow are assumed to be equally probable. Also, unless otherwise stated, the values given 
apply to a portion of an infinite surface, thus eliminating edge effects. 

Acoustic Absorptivity. The acoustic absorptivity of a surface is equal to 1 minus the 
reflectivity of that surface. (Sometimes called Souwnd-absorption Coefficient.) 

Sabin. The sabin is a unit of equivalent absorption; it is equal to the equivalent ab- 
sorption of 1 sq ft of a surface of unity absorptivity, i.e., of 1 sq ft of surface which ab- 
sorbs all incident sound energy. 

Acoustic Transmittivity. The acoustic transmittivity of an interface or septum is the 
ratio of the rate of flow of transmitted sound energy to the rate of incident flow. Unless 
otherwise specified, all directions of incident flow are assumed to be equally probable. 

Reverberation. Reverberation is the persistence of sound, due to repeated reflections. 

Rate of Decay (of Sound Energy Density). The rate of decay of sound energy density 
is the time rate at which the sound energy density is decreasing at a given point and at 
a given time. The practical unit is the decibel per second. 

Reverberation Time (7). The reverberation time for a given frequency is the time 
required for the average sound energy density, initially in a steady state, to decrease, 
after the source is stopped, to one-millionth of its initial value. The unit is the second. 

Mean Free Path. The mean free path for sound waves in an inclosure is the average 
distance sound travels in the inclosure between successive reflections. 


16. REQUIREMENTS FOR GOOD ACOUSTICS 


In order that a room may have good acoustics it is necessary (1) that the sound be 
sufficiently loud in the room; (2) that the room be free from noise whether of internal or 
external origin; (3) that the room be free from echoes, ‘“‘flutters,” or other interfering 
reflections; (4) that the reflecting boundaries of the room be so disposed as to provide a 
nearly uniform distribution of sound energy throughout the room; (5) that the room be 
free from undesirable resonance; and (6) that the reverberation in the room be sufficiently 
reduced to avoid excessive overlapping or commingling of successive sounds of articulated 
speech or music, but that the room be sufficiently ‘‘live” at all frequencies to give a pleas- 
ing effect to either speech or music as judged by the average listener. 

Tn order to attain these necessary conditions for good acoustics the architect and acousti- 
cal engineer must assume responsibility relating to the following: (1) the selection of the 


_ *In discussing sound measurements made with pressure or velocity microphones, especially in 
inclosures involving normal modes of vibration or in sound fields containing standing waves, caution 
must be observed in using the terms “intensity” and “intensity level.” Under such conditions the 
terms “pressure level’’ or ‘‘velocity level’’ are preferable since the relationship between the intensity 
and the pressure or velocity is generally unknown. 
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site; (2) the making of a noise survey in the proximity of the proposed site; (3) the selec- 
tion of a general type of wall and ceiling construction which will insulate the building 
adequately against external noise and vibration; (4) the selection and arrangement of 
rooms which require acoustical designing; (5) the design of the rough sketches for all 
speech rooms, music rooms, recording or broadcasting rooms, based upon the requirements 
for the proper distribution of direct and of reflected sound; (6) the application of appro- 
priate formulas and principles to the detailed design of shape, sound insulation, and sound 
absorption for all rooms which require acoustical designing; (7) the selection of materials 
which will satisfy the acoustical, structural, decorative, and economic requirements; (8) 
the supervision of all aspects of construction which will affect the outcome in acoustics, 
and especially the making of tests on such materials as acoustical plaster; and (9) the 
testing of the completed building with regard to the distribution of sound; freedom from 
echoes, sound foci, or.interfering reflections; the optimal conditions of reverberation; and 
the adequacy of sound insulation. In general, the acoustic problem consists of the ade- 
quate reduction of noise and vibration, and the designing of interiors in which the voice or 
instrumentation is heard or recorded most satisfactorily. All the factors mentioned in this 
section relate to the problem of room acoustics. One of the most basic of these factors is 
the problem of the growth and decay of sound in a room or, more strictly, the transient 
and steady-state behavior of sound in that room. Before considering this problem, it will 
be helpful to describe briefly two possible approaches to this and related problems: one, 
geometric acoustics, and the other, wave acoustics. 


17. GEOMETRIC AND WAVE ACOUSTICS 


Geometric or ‘‘ray’’ acoustics, as applied to the acoustics of rooms, assumes that sound 
travels in rays, that its frequency remains unchanged during the transient state as well 
as the steady state, that the rays are reflected, with partial absorption and transmission, 
at each encounter with the boundaries of the room, and that after a number of successive 
reflections the sound in the room becomes diffuse (all directions of propagation being 
equally probable) and of uniform energy density throughout the room. Obviously, this 
oversimplifies the actual behavior of sound waves in the room, especially when the wave- 
lengths of the sound, as is often the case, are not small compared with the dimensions of 
the room; it neglects entirely such important properties as the normal modes of vibration 
of the room, interference, and diffraction. In spite of these shortcomings, it leads to many 
principles and formulas by means of which the acoustical engineer or architect can design 
auditoriums with satisfactory acoustics. 

Wave acoustics deals with sound as waves; it offers the only means of dealing rigorously 
with wave phenomena in bounded spaces, with interference, diffraction, normal modes of 
vibration, and with the influence of localized areas of absorptive material and of irregular- 
ities of the contours of the boundaries of the room on both the transient and steady states 
of the sound in the room. The difficulties in applying wave acoustics to rooms are so 
great that very little progress has been made until recently, and even now much remains 
to be done before it can be used effectively by the average architect or acoustical engineer. 

Historically, the study of the acoustic properties of rooms began and has continued, 
very largely, on the assumption that geometric acoustics is adequate to cope, at least 
approximately, with the transient and steady-state behavior of sound waves in most rooms. 
Obviously, the methods of geometric acoustics furnished satisfactory approximations in 
rooms in which the ratio of the room dimensions to the wavelength of the sound is large 
and in which the sound distribution is thoroughly diffuse (the ‘‘ergodic’’ state), but in 
most rooms, and especially for sounds of low frequency, the more rigorous methods of 
wave acoustics, recently developed by Morse and Bolt, should be used so far as this is 
possible. (See Morse and Bolt, Sound Waves in Rooms, Reviews of Modern Phystes, 
April 1944). These methods of wave acoustics already have explained many apparent 
anomalies in room acoustics, especially those relating to the absorptive properties of 
acoustic materials as used in different rooms. No one who is not familiar with these 
methods should undertake the design of a room in which good acoustics is a prime require- 
ment. Unfortunately, the results of these studies are not yet sufficiently simplified to be 
used by the average engineer as the basis for making routine analyses of the acoustic 
properties of rooms. Fortunately, on the other hand, the approximate and much simpler 
methods of geometric acoustics, when used with an understanding of the consequences 
and modifications which wave acoustics entails, will be found to be satisfactory for making 
the routine calculations which govern the acoustic properties of most rooms, such as offices, 
restaurants, classrooms, and residential rooms. For the acoustic design of broadcasting 
and motion-picture studios, auditoriums, theaters, churches, music rooms, courtrooms, 
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lecture rooms, and all other rooms in which high-quality speech and music are required, 
full use should be made of the methods of wave acoustics, as far as they are applicable. ; 

For the present, the methods of geometric acoustics continue to be used by most engi- 
neers for designing or correcting the acoustic properties of rooms, and their methods 
probably will continue to be used for possibly another five to ten years, but they should 
be used only in the light of existing and advancing knowledge of wave acoustics. In the 
following treatment, based largely on geometric acoustics, the practical modifications 
which wave acoustics imposes or suggests will be considered, and those who use this hand- 
book as a guide for planning for good acoustics should give similar consideration to the 
relevance of wave acoustics in modifying the calculations and conclusions based on geo- 
metric acoustics. 


18. GROWTH AND DECAY OF SOUND IN ROOMS— 
GENERAL CONSIDERATIONS 


The approximate theories in use today are based upon the assumptions that sound, 
originating at some point in a room, propagates rays of vibratory energy with a speed of 
about 1125 ft per sec, uniformly in all directions; that these rays are partially reflected 
by the boundaries of the room; and that even after the source of sound is stopped these 
rays persist with their original frequency but become feebler after each reflection until 
ultimately they become inaudible. In these approximate theories it is assumed that the 
sound energy persists in rays or bundles; that, during the decay, the sound energy in the 
room remains constant in these rays or bundles for a short interval of time, equal to the 
time required for a ray to travel the average distance between successive reflections, the 
mean free path, and that then the total sound energy in the room suddenly drops a certain 
amount determined by the ‘‘average’’ (usually the weighted arithmetical mean) acoustic 
absorptivity of the boundaries of the room; and that this process of absorption by discrete 
steps continues until all the sound energy is converted into heat. 

Although most of the absorption takes place at the boundaries at low frequencies, the 
absorption in the air at frequencies above 5000 cycles may be greater than the absorption 
at the boundaries. If the source continues to generate sound at a constant rate, a condi- 
tion of equilibrium will be reached in which the rate of supply of sound energy to the room 
is just equal to the rate of absorption by the air and the boundaries. If the source is then 
stopped the sound in the room will die away at a rate equal to the rate of absorption, which 
is determined principally by the size, the shape, and the boundaries of the room. Although 
this decay is strictly made up of the free, damped, normal modes of vibration of a three- 
dimensional continuum, the decay is approximately represented by the simplification de- 
scribed above, provided that the absorptive material is distributed throughout the bound- 
aries of the room and especially that it is not concentrated on one or two walls of the room: 
(Walls, as here used, refers also to the floor and ceiling.) 

According to this simplification, the time required for the intensity of the sound to be 
reduced a specified amount will depend upon (1) the number of reflections which occur 
per unit time, and (2) the amount of sound energy which is absorbed at each reflection. 
If the room is a large one there will be only a few reflections per second; and in addition, 
if but a little sound energy is absorbed at each reflection, it will require a relatively long 
time for the intensity of ordinary sound to be reduced to the threshold of audibility. 
Such a room will be excessively reverberant. On the other hand, if the room is small and 
the boundaries highly absorptive, the room will be free from reverberation. Since the 
average, intensity of speech or music in a room is of the order of one million times the in- 
tensity which is just barely audible, and since the hard, rigid boundaries may reflect as 
much as 98 per cent of the incident sound energy, it is apparent that an appreciable time, 
amounting to several seconds in many instances, is necessary for the sounds of speech or 
music to be reduced to inaudibility. 

Thus, consider a room having a mean free path of 51 ft. Since the velocity of sound at 
room temperature (20 deg cent) is approximately 1122 ft per sec, there will be in this room 
just 22 reflections each second. Hence, if the initial sound in this room has an intensity 
of one million threshold units, and if 98 per cent of the initial sound energy is reflected at 
each encounter with the boundaries, to reduce the sound energy to one-millionth of its 
initial amount would require n successive reflections, where 7 is given by 0.98" = 0.000001. 
Solving, n is 684; that is, it requires 684 successive reflections in this room for the sound 
energy to die away to inaudibility. Since 22 reflections occur each second in this room, 
the time required for the sound to die away to inaudibility is 684 + 22, or 31.1 sec; that 
is, the time of reverberation in this room is 31.1 sec. By a similar consideration it can be 
shown that if this same room were completely lined with a material that reflects 50 per 
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cent of the incident sound energy the total number of reflections would be reduced to 19.9, 
and the time of reverberation would be of the order of 0.9 sec. These simple considera- 
tions neglect the absorption of sound in the air, which at high frequencies will greatly 
modify these calculations. This type of absorption will be considered later in this section. 

The formulas to which such approximate theories lead are sufficiently valid for most 
practical purposes in rooms which are bounded by materials having the same coefficient 
of absorption. However, in rooms bounded by materials having widely different coeffi- 
cients of absorption, the formulas approach validity only as the decadent sound in the 
room is made to approach a completely diffuse state. It should be clearly recognized 
therefore that the formulas which will now be presented must be used with caution and 
understanding, especially with reference to the average coefficient of absorption in rooms 
which are bounded partly by highly reflective and partly by highly absorptive materials. 


19. REVERBERATION EQUATIONS 


The early experiments of W. C. Sabine show that the time of reverberation in a room is 
proportional directly to the volume of the room and inversely to the total amount of 
absorption supplied by the boundaries of the room. Sabine was able to determine exper- 
imentally the constant of proportionality k between reverberation time 7’ and the volume 
V divided by total absorption a. Thus, 

kV 
T = — 
a 


(1) 


The value of k as determined experimentally by Sabine for a large number of rooms of 
different shapes and sizes, at normal room temperatures, is approximately 0.05 when V 
is in cubic feet and a is in sabins (British units) and 0.164 when V is in cubic meters and @ 
is in square meters (metric units). A few years later, Franklin and also Jaeger obtained 
this same equation from theoretical considerations. 

This equation was used for nearly 30 years for calculating the reverberation time of 
either contemplated or finished rooms. Even the fallacious conclusion to which the equa- 
tion leads for a room with totally absorptive surfaces, namely, that T = kV/S instead of 
zero (where S is the total surface area of the room), was overlooked or was not sufficiently 
disturbing to destroy confidence in its validity, until recently. The equation is satisfac- 
tory in practice for frequencies between about 200 and 1000 cycles in the large majority of 
rooms in which the absorptive material is distributed and in which the rate of decay of 
sound is slow; that is, the equation applies to “‘live rooms,’’ provided the frequencies are 
high enough to be well above the fundamental resonant frequency of the room but not 
high enough to involve a consideration of the attenuation in the medium. 

MODIFICATION OF THE REVERBERATION FORMULA. A more satisfactory 
reverberation formula can be obtained by recognizing that the decay of sound takes place 
discontinuously, at time intervals equal to the time required for sound to travel the mean 
free path. The mean free path is given for rooms of conventional shape as 4V/S. Strictly 
it is dependent upon the shape of the 
room and the location of the source, 
so that the equation is not accurate 
for rooms of peculiar shape. Thus, 
for the usual location of the source of 
sound and for the first 25 successive 
reflections, the mean free path is 
4.3V/S for a large church or cathe- 
dral of cruciform shape and is 3.7V/S 
for a room with large horizontal di- 
mensions and a low ceiling, the usual 
shape for large office and work 
rooms. 

Allowance must also be made for 30 AO a 705 
the absorption of sound in the air of Percent Relative Humidity at-20° C. 


the room, which is of popeiaor ee? Fic. 1. Coefficients of Absorption of Sound in Air Con- 
importance at the hig er audible taining Different Amounts of Water Vapor, for Frequencies 
frequencies and especially in large of 1500, 3000, 6000, and 10,000 Cycles 


rooms. The curves of Fig. 1 give I) al ; 
the absorption coefficient m per foot for plane waves in air at 20 deg cent. It will be seen 
from the curves in Fig. 1 that m has a maximum for a certain concentration of water 


vapor, different for each frequency. 
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Based upon the inclusion of these factors and a mean free path of 4V/S the time of 


reverberation is 
55.38V 


~ ¢4mV — Sin i — @)] 
where c is the velocity of sound and @ is the arithmetic mean of the absorption coefficients 
of all the boundaries of the room. 


At room temperature, 21 deg cent, c = 1125 ft per sec, so that for most working condi- 
tions 


Te (2) 


0.049V 
fm SS @) 
in British units, or 
161 
. 0.161V (4) 
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in metric units (see above). For frequencies below about 1000 cycles, m is so small that 
the first term in the denominator of eqs. (2), (3), or (4) can be neglected, that is, the ab- 
sorption in the air is inappreciable; whereas, at high frequencies (above 5000 cycles), 
this term may become larger than the second (or surface absorption) term. At sufficiently 
high frequencies (above the audible range), the second term will become negligible, in 
which case the rate of decay and consequently the time of reverberation will be independent 
of the size of the room. 

The foregoing reverberation formula, eq. (2), is sufficiently valid for practical purposes 
provided the sound in the room is thoroughly diffuse throughout the decay. This condi- 
tion is realized for frequencies above about 250 cycles in all but very small rooms, provided 
all the boundaries of the room have approximately the same absorptivity, or provided 
suitable rotating paddles or ‘‘warble tones’’ are used to ‘‘mix’’ the sound in the room. 
Suitable precautions, such as those just mentioned, can be taken in making measurements 
in an acoustical laboratory, such as a reverberation chamber. In many rooms encountered 
in practice, the absorptive material may be concentrated on a single surface, as when a 
carpet, upholstered seats, and audience are all located on the floor, and the other surfaces 
in the room are highly reflective. In such rooms, especially if the opposite walls are paral- 
lel and not too far apart, the decay of sound will not conform to the approximately expo- 
nential decay predicted by eq. (2) but will consist, first, of a rapid rate of decay while the 
sound is relatively diffuse, and second, of a much slower rate of decay, made up largely 
of a horizontal flow of sound energy between the parallel and highly reflective walls, i.e., 
of modes of vibration which are directed at grazing incidence to the floor. The time of 
reverberation in such a room will be longer than that calculated by means of eq. (2), 
using an arithmetical mean for @. 

This is borne out by some oscillograms of the rate of decay obtained in a small room, 
8 ft by 8 ft by 9.5 ft (high), with the floor covered with a material having a rated absorp- 
tion coefficient of 0.60 at 512 cycles and with the walls and ceiling finished with painted 
concrete. The first part of the decay (15 to 17 db) was relatively rapid, 95 to 100 db per 
sec. This was followed by a much slower decay, 38 to 40 db per sec. If the first part of 
the decay is used for calculating the time of reverberation 7 and the absorptivity of the 
floor material a, we obtain T = 0.61 sec and a = 0.55. If the latter part is used, 7 = 1.54 
sec and a = 0.22. It will be noted that the first part of the decay, while the sound is 
relatively diffuse, yields a value for a which agrees fairly well with the rated value of 0.60 
and therefore conforms reasonably well with the requirements of eq. (2), whereas the 
latter part of the decay, which is made up largely of the horizontal modes of vibration, 
is much slower than would be predicted by eq. (2). This is an extreme example of the 
inadequacy of eq. (2), which is based on geometric acoustics, to account for the true nature 
of the decay of sound in a room in which the absorptive material is concentrated on one 
wall (or floor or ceiling). Wave acoustics, on the other hand, accounts for the observed 
results very satisfactorily. 

Fortunately, for the best acoustical quality in a room the absorptive material should be 
distributed on all surfaces of a room so that the rate of decay will be at least approximately 
the same in all directions, and under these circumstances eq. (2) will yield results which, 
as a rule, do not differ more than 10 per cent from the observed values. Furthermore, in 
very large rooms, as in theaters, school auditoriums, and churches, there is very little 
tendency for the reverberation to persist in two dimensions, even though most of the 
absorption is concentrated on the floor or on the floor and in the ceiling, (1) because the 
dimensions of the room are large compared with the wavelengths of the sound, and (2) 
because the architectural treatment of large rooms usually involves structural forms and 
ornamentations which tend to diffuse the sound during free decay. 
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In such rooms, provided there are no curved surfaces giving rise to concentrations of 
sound, the first 30 db (or more) of decay conforms very closely to eq. (2); and it is this 
portion of the decay that is pertinent to the acoustic quality of speech and music in 
rooms. Stated otherwise, the rate of decay after the first 30 db of decay is of little conse- 
quence, since in articulated speech or music such residual sounds will be so weak as to be 
completely masked by the primary (and much louder) sounds that follow. It is apparent, 
therefore, that eq. (2) is satisfactorily valid for the practical calculations of reverberations 
in most rooms. In many small rooms, such as are frequently used for radio broadcasting 
or for the recording of sound, it is important that the sound-absorptive materials be dis- 
tributed quite uniformly throughout the room if eq. (2) is to be applicable. The true rate 
of decay of sound in small rooms is greatly dependent upon room resonance. 


20. ROOM RESONANCE 


A room is a resonant chamber, with resonant properties similar to those of a violin 
ytring, an organ pipe, or a diaphragm of a telephone receiver, except that in. general the 
resonant properties of the room are much more complicated than those of one- or two- 
dimensional systems. Thus, if the dimensions of a rectangular room are l;, lz, and 13, the 
“resonant’’ or normal frequencies v for the room are given approximately by 


cf l? 12? 13? |4 
y= s+ +] aia 6) 
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where c is the velocity of sound in the room, and 7, nz, and n3 are order numbers having 
values of 0, 1, 2, 3,.... In aroom where I, = 8 ft, l2 = 8 ft, andl; = 9.5 ft, the gravest 
mode of vibration is given by m1 = ne = 0 and n3 = 1; that is, the room resonates as does 
an organ pipe, 9.5 ft long and stopped at both ends, when vibrating at its gravest mode. 
The wavelength of this gravest normal mode is 19 ft, and the frequency (assuming c = 
1125 ft per sec) is 59.2 cycles. Other resonant or normal frequencies, in ascending order, 
for this room, are 70.3, 92.8, 99.8, 116.0, 119.2 cycles, and continuing in a triply infinite 
series of frequencies corresponding to increasing values of the n’s. When none of the n’s 
is zero the resonant standing waves are oblique, and when one or two of the n’s are zero 
the waves are tangential; that is, the waves move parallel and grazing to one or two, re- 
spectively, pairs of walls in the rectangular room. 

The above-enumerated normal frequencies for the room under discussion have been 
observed, both by the ‘‘reinforcement”’ the room gives to steady tones of these frequencies, 
and by the transient decay of tones which have approximately these frequencies. Thus, 
Fig. 2 is a series of oscillograms showing the free decay of sound for this room when it is 
excited with tones having different ‘‘driving”’ frequencies between 90 and 101 cycles, as 
indicated above each oscillogram. When the room is excited with a frequency of 92.9 
eycles, which corresponds closely to the normal mode having a frequency of 92.8 cycles, 
the free decay is made up almost exclusively of this one mode, and its decay rate is smooth 
and almost exactly exponential. Similarly, when the room is excited by any other fre- 
quency which differs only slightly from 92.8 cycles, the free decay is made up of this’ one 
mode, and the frequency during decay is not the driving frequency but is always the fre- 
quency of this normal mode. When the room is excited with a frequency of 96.7 cycles, 
which is about midway between the frequencies of the two modes of 92.8 and 99.8 cycles, 
the free decay is made up of these two normal modes, which are about equally excited, 
giving rise to the pronounced beats of about 7 per second, as expected, since the two natural 
frequencies differ by 7 cycles. When this same room was excited at a frequency of 118 
cycles, the oscillogram of the free decay revealed the coexistence of beats at about 3.3 
and 19.3 cycles, which no doubt arose from the simultaneous excitation of the three neigh- 
boring normal frequencies of 99.8, 116.0, and 119.2 cycles. No matter what frequency is 
used for exciting the room, the ‘“‘reverberation”’ always consists of the free decay of one 
or more of the room’s normal modes of vibration. 

The foregoing results demonstrate that reverberation is not the persistence of rays of 
sound which continue, after the source is stopped, as rays of sound successively reflected 
back and forth in the room, but rather is the free decay of one or more (and usually many) 
modes of vibration. However, Strutt has shown that the formal law governing the free, 
damped vibration of the sound in a room approaches asymtotically the simple reverbera- 
tion law of eq. (2) as the wavelength of the exciting sound becomes short in comparison 
with the wavelength of the gravest mode of vibration for the room. Thus, in a room 
(assuming the absorptive material to be fairly well distributed) having its longest dimen- 
sion 10 ft, which is about the smallest room in which acoustics is a factor of importance, 
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the wavelength of the gravest mode is 20 ft. In such a room, sound having a wavelength 
of one-tenth of that of the fundamental, namely, 2.0 ft, would be sufficiently short to 
conform reasonably well to eq. (2). 

In other words, when the room is filled with sound having a wavelength shorter than 
2.0 ft, that is, a frequency greater than about 560 cycles, the modes of vibration which 
are excited are so numerous and their frequencies so. close together that the sound in the 
room is essentially diffuse and, therefore, the requirements are fulfilled for the approximate 
theories of reverberation described in the earlier paragraphs of this section, especially if 
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Fie. 2. Oscillograms of the Decay of Sound in a Small Rectangular Room, Showing that the Decay 
of Sound Consists of the Damped Free or Normal Vibrations of the Room 


the absorptive material is distributed uniformly over the boundaries of the room or if 
some means are provided for mixing or diffusing the sound during the decay. In large 
rooms, such as concert halls, church or school auditoriums, and theaters, the lowest modes 
of vibration are usually in the subaudible range of frequencies, so that the elementary 
theory of reverberation applies with adequate rigor in such rooms for all frequencies above 
about 100 cycles, and the effects of room resonance usually can be neglected. (For further 
details consult M.J.O. Strutt, Zeitschrift angew. Math. Mech.; Knudsen, J. Acous. Soc. 
Am., Vol. 4, 20-37 [1932]; and Morse and Bolt, loc. cit.) 

REVERBERATION IN COUPLED SPACES. When two or more inclosures are 
coupled by means of openings such as open doors, passageways, or even thin partitions 
which are capable of transmitting an appreciable amount of sound, the reverberation in 
each inclosure is affected by the reverberatory properties of the other inclosure. Thus, 
most auditoriums of the theater type are divided into at least three coupled spaces—the 
stage, the main portion of the auditorium, and the space under the baleony. Even a 
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Jong’ sound-recording studio, one end of which is reverberant and the other end non- 
reverberant, may be regarded as two coupled spaces. Office space is often divided into a 
number of coupled spaces; and a great complexity of coupled spaces often will be found 
in cathedrals, consisting of nave, transepts, choir, sanctuary, aisles, chapels, balconies, 
and organ chamber. If the mean free path can be determined for such coupled spaces, and 
if all surfaces have approximately the same absorption coefficients, the regular reverbera- 
tion formula, using the appropriate value of k, will give the time of reverberation for the 
entire room. (See Knudsen, Architectural Acoustics, Chapter V.) But it is not always 
feasible to determine the mean free path for a complicated combination of coupled spaces, 
and it is very improbable that all surfaces will have even approximately the same coeffi- 
cients of absorption. In many instances, therefore, it becomes necessary to consider the 
reverberation in each of the several coupled spaces, and to adjust the reverberation time 
in each space to the optimal condition. 

Many rooms have pvor acoustics because of failure to recognize the effect of coupled 
spaces. Thus, in many school auditoriums containing a balcony, it is common practice 
to install nearly all the absorptive material in the ceiling. In some auditoriums the walls 
under the balcony, the soffit of the balcony, and the floor under the balcony may be of 
hard, reflective materials, as hard plaster and concrete: If, in addition, the seats under 
the balcony are of the unupholstered type, the space under the balcony will be very re- 
verberant although the space in the main part of the auditorium may be quite free from 
reverberation. During the growth or decay of sound in such an auditorium there is a 
transfer of energy between the two coupled spaces, with different rates of growth or decay 
in the two spaces. During the steady state the rate of transfer of sound from the dead 
space to the live one is equal to the rate of transfer in the opposite direction. During the 
very early stages of the decay these rates of transfer are nearly equal, but since the sound 
decays much more rapidly in the main part of the auditorium than it does under the 
balcony, there soon will be established an excess rate of flow from the live to the dead 
space, and the result is that the reverberation is prolonged in the main part of the audito- 
rium as well as in the space under the balcony. 

In order to overcome this undesirable condition it is necessary that the rates of decay 
in both spaces be nearly equal (or that the rate of decay in the smaller space under the 
balcony be greater than the rate of decay in the main part of the auditorium). This in- 
volves a determination of the reverberation in both spaces, which in turn necessitates the 
assignment of coefficients of absorption to the opening which couples the two spaces. It 
is not possible to assign precise coefficients to these openings. The coefficients will depend, 
in general, upon the size and shape of the opening, the depth under the balcony, and the 
amounts of absorption under the balcony and in the main part of the auditorium. But if 
both spaces have approximately the same rates of growth, as they should for good acous- 
tics, the “‘effective coefficients’’ will be of the order of 0.40 to 0.80—nearer the lower limit 
for shallow recesses which contain a relatively small amount of absorption. Similar con- 
siderations apply to the stage opening which couples the stage and the main part of the 
auditorium. 

Many theaters, churches, memorial halls, and other auditoriums are often coupled, by 
means of door openings or archways, to rooms or corridors which are excessively rever- 
berant. In such auditoriums, even though the reverberation in the audience space has 
been adjusted to the proper value, there will be a ‘“‘feedback’’ of reverberation from the 
adjacent reverberant rooms into the main auditorium. Thus, auditors in a theater who 
are seated near an opening to a reverberant corridor, foyer, or anteroom will be disturbed 
by the excessive reverberation in the adjacent room. It is advisable in all such cases 
either to close the openings or to use an adequate amount of absorption in all spaces which 
are coupled to the audience room. In general, such anterooms, foyers, or corridors, unless 
they are used for speech or music rooms, should be as non-reverberant as possible. 


21. REVERBERATION AT DIFFERENT FREQUENCIES 


Unless otherwise specified, it is generally understood that the time of reverberation refers 
to a pure tone of 512 cycles. Although the calculation of reverberation at a single fre- 
quency, as 512 cycles, will suffice to represent the reverberation in a room at other fre- 
quencies provided the absorptive material in the room has nearly the same absorptivity 
at all frequencies, or provided the variation in absorptivity is known, it is obvious that 
such is not the case if the absorptive material has widely different and undetermined ab- 
sorptivities at different frequencies. Thus, an acoutical plaster, 1/4 in. thick, applied to 
concrete or tile, may have coefficients of absorption of 0.06 at 128 cycles, 0.36 at 512 cycles, 
and 0.72 at 2048 cycles. If such plaster is applied to the entire inner surface of a room 
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the reverberation time at 128 cycles would be at least six times as long as the reverbera- 
tion time at 512 cycles, and the time at 2048 cycles would be less than one-half of the 512- 
cycle time. If the reverberation time in such a room is 1.25 sec at 512 cycles, it will be 
at least 7.5 sec at 128 cycles. To describe this room as one having a time of reverberation 
of 1.25 sec—which is regarded as close to the optimal time for good acoustics—certainly 
does not describe the reverberatory properties of the room; and such a room will be highly 
unsatisfactory. There will be complaints of excessive reverberation, and the room will be 
too reverberant for the bass notes of music, and even the low-frequency components of 
speech will be reverberant and overemphasized. On the other hand, the higher tones and 
harmonics in music will be suppressed owing to over-absorption at the high frequencies. 
Such rooms are particularly objectionable for recording or broadcasting purposes. 

It is necessary therefore to specify and calculate the reverberation times for representa- 
tive frequencies throughout the entire range used in speech and music. It will be found, 
however, that, if calculations are made at 128, 512, and 2048 cycles, the resulting times 
will give a satisfactory description of the reverberatory properties of the room. In 
recording and broadcasting studios it is desirable to consider frequencies as high as 8000 
cycles. 

In general, the reverberation time at 128 cycles should be slightly longer than the time 
at 512, and the reverberation time above 512 should remain nearly constant. (See Fig. 10, 
p. 12-75, for present recommended practice.) The success or failure in the acoustical de- 
sign of rooms will depend upon the selection of absorptive materials which will give the 
proper reverberatory characteristic throughout the entire range of frequencies used in 
speech and music. 


22. THE MEASUREMENT OF REVERBERATION AND ABSORPTION 
COEFFICIENTS 


The reverberation time of a room, or the total absorption of the room, for rooms in 
which geometric acoustics will apply, can be determined by measuring either the rate of 
decay of sound or the time for the decay between known intensity limits. For determining 
the sound-absorptive coefficients of materials it is customary to make measurements of the 
rate of decay of the sound in a reverberant room first when the room contains a certain 
area of the acoustical material to be tested and again when the material is removed from 
the room. In order to approximate conditions which will justify the applicability of 
formulas based on geometric acoustics, it is better to distribute the absorptive material 
on three (non-parallel) walls rather than concentrate in one area on one wall. By means 
of eq. (3), the value of &, and consequently the total absorption @S, can be calculated. 
The absorption of the acoustical material in the room is assumed to be equal to the dif- 
ference between the absorption of the room with the material in it and the absorption of 
the room with the material removed. This is equivalent to assuming that @ is the arith- 
metical mean of all absorptive surfaces in the room, an assumption which is justifiable 
provided the sound in the room is kept thoroughly diffuse during the steady state and 
the decay. Warble tones at least 100 cycles in breadth with a warble frequency of at 
least 4 or 5 per sec should be used for test tones below about 500 cycles, and, unless the 
room be bounded by diffuse reflectors, large rotating vanes should be used for test tones 
of all frequencies. The test tones should be pure. 

When these precaustions are taken the rate of decay will conform satisfactorily to the 
theoretical rate, and, if the test area is as large as about 72 sq ft in a room having a volume 
about 5000 to 10,000 cu ft, the difference between the rates of decay with and without the 
acoustical material in the room will be large enough to yield coefficients of absorption 
accurate to about +0.05 for frequencies up to 2000 cycles. At higher frequencies the 
absorption in the air, which may change during the time required for the completion of 
the test, is so large a factor that errors of the order of +0.10 are unavoidable unless the 
reverberation room is carefully air-conditioned. Even with an air-conditioned room the 
accuracy is not satisfactory at frequencies above 4000 cycles, because the absorption in 
the air is such a large factor that the difference between the rates of decay with and with- 
out the acoustical material in the room is not appreciable unless the test area is greatly 
increased. 


The rate of decay is measured by some type of reverberation meter which in general 
consists of (1) a suitable source of steady or warble tones, usually a vacuum-tube oscillator, 
an electrical low-pass filter, a power amplifier, and an electrodynamic loudspeaker; (2) a 
high-quality microphone and amplifier; (3) an electrical attenuator for varying the gain 
of the amplifier; and (4) either a recorder which registers continuously, on a moving paper 
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chart or on a light-sensitive medium, a graphic record of the decay, or some type of indi- 
eator, usually a relay and chronograph, by means of which the rate of decay can be de- 
termined. 

The Bell Telephone Laboratories, Inc., among others, have developed a high-speed level 
recorder which gives a response proportional to the logarithm of the actuating current, and 
the instrument is so adjusted that the record gives directly, when the paper tape is moving 
with constant speed, the rate of decay of the sound in decibels per second. If the decay 
follows the exponential law, the curves will be straight lines. However, since the decay 
consists of several contiguous frequencies (normal modes of vibration) in close proximity 
to the frequency of the exciting tone, there will be interference between these several 
frequencies (each of which decays exponentially) so that the resultant decay curve gen- 
erally will be quite irregular. Typical decay curves obtained with this instrument in the 
reverberation room of the Bell Telephone Laboratories are reproduced in Fig. 3. As these 
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Fig. 3. Decay Curves Obtained with Bell Laboratories High-speed Level Recorder 


records show, the decay is not strictly exponential but, except for minor fluctuations which 
can be attributed to the resonant or interfering phenomena discussed in article 20, the 
general trend of the decay conforms very satisfactorily to the exponential law, over a 
range of 40 db; and, if a straight line is fitted to the recorded curve of decay, the slope of 
this line will give the rate of decay with sufficient accuracy for practical purposes. 

The curves labeled 9, 10, and 11 were made with a pure tone and a single microphone 
and with the recorder adjusted to ‘‘follow’’ maximal speeds of decay of 240, 120, and 60 
db per sec, respectively. In 9, for example, the recorder is capable of following the actual 
decay much more closely than it is in 11, where only the slower variations of decay are 
recorded. The curves labeled 12, 13, and 14 were made at the same recorder speeds, re- 
spectively, but a warble tone was used instead of a single pure tone. The advantage of 
the warble tone for reverberation measurements is obvious from these decay curves. 

In the chronographie type of reverberation meter, in use in many laboratories, it is 
customary to measure the time for a given drop in level, increasing the drop in steps of 
5 or 10 db. A good meter of this type is the one developed by F. V. Hunt (J. Acous. Soe. 
Am., Vol. 5, 127 [1933], and Vol. 8, 34 [1936]), which is almost automatic. As usual, the 
sound source is a warble tone oscillator. Several microphone positions throughout the 
room are used to insure a good average, and the reverberant sound thus detected and 
amplified is rectified, and rapid fluctuations are filtered out. An automatic timer turns 
off the source, always at the same phase of the sound wave, when the sound level in the 
room has reached a predetermined level, indicating the time for this decay. This is 
repeated 40 or more times, and the average value is used for plotting the decay curve. 
Figure 4 is a composite curve obtained by Hunt, showing the average decay for a warble 
tone of 1000 + 200 cycles throughout a course of 80 db. By comparing the observed 
decay curve with the dashed straight line, it will be seen that the decay is satisfactorily 
exponential during the first 50 db of decay, the portion of the curve which should be used 
in making sound-absorption measurements. The non-linear decay from 50 to 80 db 
probably results from the more slowly damped tangential modes of vibration, which pre- 
dominate during the latter stages of the decay. 
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A third method of measuring the decay rate is the oscillographic, illustrated in Fig. 2, 
which gives a detailed picture of the frequencies, as well as the intensity, throughout the 
course of the reverberation. 5 6 

Reverberation measurements are useful not only for determining the coefficients of 
sound absorption of acoustical materials in a reverberation chamber but equally for deter- 

mining the reverberatory proper- 
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23. COEFFICIENTS OF SOUND ABSORPTION 


In the following charts and tables there is given a fairly complete listing of the coeffi- 
cients of sound absorption of the materials which are used in building construction, espe- 
cially for acoustical purposes. Many of the same materials have been measured by dif- 
ferent investigators, and the results are not always in good agreement. Such factors as 
actual differences in the samples, differences in the methods of measurement, differences 
in the size, shape, and location of the samples compared with the size and shape of the 
test rooms, the purity of the test tone used, and errors inherent in the use of reverberation 
methods and formulas based on geometric acoustics when wave and not geometric acous- 
tics applies are probably responsible for this lack of agreement. Where large discrepancies 
have existed, certain liberties, guided by experience and the probable influence of wave 
acoustics, have been taken in averaging results. 

Most of the materials manufactured by the leading acoustical concerns in the United 
States have been tested in the same laboratory by the same method; this facilitates com- 
parison of different materials. The authority for these measurements is the Acoustical 
Manufacturers’ Association; the tests were made at the Riverbank Laboratories. The 
authorities for the other measurements are listed in Table 1. 

Much progress has been made in the development of acoustical materials during the 
past decade, and this progress will continue. Many improved and new materials will be 
described in subsequent issues of the Bulletin of the Acoustical Materials Association, which 
is published at frequent intervals. (These bulletins should be consulted; they can be 
obtained from the Acoustical Materials Association, 205 W. Monroe St., Chicago, Illinois.) 

Table 1, on sound-absorption coefficients, includes considerable data concerning acousti- 
cal materials in addition to the coefficients of sound absorption, such as the type of the 
material, the nature of the mounting, the light reflection coefficient (usually as painted by 
the manufacturer), the weight per square foot of the material, and the unit size of the 
material. ‘The numbers used to describe the types and mountings are those used by the 
Acoustical Materials Association. The legend for these numbers is given in the table. 

In choosing materials for noise-reduction purposes, in offices, factories, restaurants, 
hospitals, etc., it is customary to rate the materials acoustically in terms of the arithmetic 
mean of the coefficient at 256, 512, 1024, and 2048 cycles. This average value is called the 
noise-reduction factor. It is better practice, however, to choose materials that have the 
absorption characteristics best adapted to the characteristics of the noise to be absorbed. 
It is especially important to avoid materials having very low absorption at the low fre- 
guencies for sounds which are made up predominently of low frequencies. 
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The table contains absorption data on a number of mineral wool blankets, made up of 
wool of different densities, and of thicknesses varying from 1 to 3 in. It will be seen that 
by suitable choice of density and thickness it is possible to obtain a wide variety of absorp— 


tion characteristics. 


Absorption Coefficient 


30 60 125 250 500 1000 2000 4000 
Frequency—Cycles per Second 
Fie. 5. Absorption of Different Thicknesses of Hair Felt. (Wente and Bedell.) 


In Fig. 5 are shown the results of sound-absorption measurements of Wente and Bedell 
on hair felt of different thicknesses. The principal effect of increasing the thickness of a 
porous material is to increase the absorption at the low frequencies. 

In Fig. 6 are shown the results of measurements at 512 cycles on different thicknesses. 
of hair felt obtained in four different laboratories. These results show not only the effect 
of thickness but also the order of agreement of measurements made at different laboratories. 

The manner of mounting acoustical materials influences their absorptivity. Most 
fibrous and porous materials increase in absorptivity, especially at frequencies below 500 
cycles, as the thickness of the air space behind the material increases. Thus, fiber board 
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Thickness of Hairfelt—inches 
Fia. 6. Absorption of Hair Felt as Determined in Different Laboratories 


and tiles, acoustical plaster, and similar materials, are more absorptive at low frequencies 
when furred out from a dense, rigid wall than when applied directly to the wall. 

The absorptivities of such materials as acoustical plaster are dependent upon the 
composition as well as upon the manner of applying and drying. If too much binder 
material is used the plaster is not sufficiently porous; if an insufficient amount of binder 
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is used the plaster does not set hard. Likewise, if the undercoats of plaster are too wet 
(or “‘green’’), the binder material forms an impenetrable film at the surface, whereas if 
the undercoats are too dry the binder material is absorbed by the undercoats, and the 
plaster will crumble. In order to obtain good results with acoustical plaster it must be 
applied by competent plasterers in strict conformity with the specifications of responsible 
manufacturers. 

The absorptivity of acoustical plaster or fiber board may be ruined by decoration with 
oil or water paint, varnish, distemper, or other materials which will close the surface pores. 
‘Viscous or heavy paints which bridge over or close the surface pores must be avoided. 
Such materials as thin aniline dyes, gasoline or kerosene stains, thin lacquer sprays, or 
dry paint dusted on with a pounce bag are satisfactory means of decoration without im- 
pairing the absorptive properties of plaster or fiber board. Certain commercial materials 
containing large holes, or materials covered with a perforated facing, may be decorated with 
lead or oil or any other kind of paint, provided the paint does not bridge over the holes. 

In order to facilitate convenient use of the table the materials have been grouped as 
follows: acoustical tiles, boards, and sheets; acoustical plasters and sprayed-on plastic 
materials; mineral wool, Fiberglas blankets, and acoustical felts; set materials for use in 
motion-picture studios; hangings, floor coverings, and miscellaneous materials; hard 
plasters, masonry, wood, and other standard building materials; and audience, individual 
persons, chairs, and other objects. The tabulation in each group of materials is arranged 
in alphabetical order. 


24. PRACTICAL CONSIDERATIONS OF SOUND-ABSORPTIVE 
MATERIALS 


In making a choice of absorptive materials a number of other factors must be considered 
besides the coefficients of sound absorption. Good acoustics is only one of many qualities 
which should be secured in every building. Thus, besides absorption coefficients, it is 
necessary to consider such factors as the following: structural strength; decorative pos- 
sibilities; adaptability to the surface available for, or requiring, absorptive treatment; 
maintenance; sanitation; ease of application; fire hazard; absorption of water; attraction 
for vermin; ‘‘fool-proofness’’; durability; and cost. Each room requires a certain amount 
of sound absorption; certain surfaces in some rooms require highly absorptive treatment. 
These two conditions usually limit the choice of absorbents to materials having coeffi- 
cients within certain specified limits. As a rule, however, many materials having coeffi- 
cients within these limits will be available. This allows considerable freedom in the selec- 
tion of materials which will be satisfactory not only acoustically but also for the other 
requirements. For a detailed discussion of the choice of sound-absorptive materials 
consult any standard textbook on architectural acoustics (as Knudsen and Harris, Acous- 
tical Designing in Architecture). 

For bibliography, see p. 12-76. 


SOUND INSULATION 


By Vern O. Knudsen 


25. NOISE MEASUREMENTS 


During recent years, acoustical engineers and civic authorities have become increasingly 
aware of the problems associated with the measurement and abatement of noise. One of 
the prime requirements for good acoustics in every room is absence of noise, i.e., unwanted 
sound. In the design of theaters, music rooms, churches, schools, office and industrial 
buildings, hotels, apartment houses, and studios for the recording or broadcasting of 
sound, it is necessary that the designing architect or engineer know (1) the amount and 
kind of the noise against which he is to provide insulation, and (2) the amount of noise 
which can be tolerated in different types of buildings. The difference between the mag- 
nitudes of (1) and (2) gives the amount of sound insulation which should be provided in 
the building. As discussed in article 5 of this section the magnitudes of noises vary over 
a wide range. 

The magnitude and character of steady sounds can be represented by plotting the 
intensity level (per evcle or for a specified band width) as a function of the sound frequency. 
In Fig. 1, the intensity level per octave, i.e., the intensity levels as measured in octave 
bands, for a number of ordinary sounds are plotted for the important audio-frequency 
range of 50 to 10,000 cycles. Traffic noise will be seen to have its predominant intensity 
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at low frequencies; the noise from typewriters, on the other hand, is greatest at high fre- 
quencies. Such characteristics of noise should be considered in the problems of sound 
insulation and noise reduction in building design. 

Most measurements of noise, of interest in building design, have been made with com- 
mercial sound-level meters which measure the overall sound level in decibels rather than 
the intensity level as a function of the frequency. The latter should be used whenever 
available, but the sound level corresponds roughly with the sensation of the sound and 
provides a convenient numerical scale for comparing the levels of different sounds. Thus, 
Fig.’2 gives the average sound levels, in decibels, as measured with a sound-level meter, 
for adarge number of locations in or near buildings. 


90 


Sound Intensity per octave 


(db above 10°° watt per sq cm) 


50 100 200 500 1,000 2,000 5,000 10,000 
Frequency (cycles per second) 


Fria. 1. Sound Spectra of Some Typical Noises. (Fleming and Allen.) (British Crown Copyright 
reserved. Reproduced by permission of the Controller of His Britannic Majesty’s Stationery Office.) 
Examples of Noise Analysis 


A—Traffic noise. Average of miscellaneous vehicles passing at about 20 ft. 
B—Typists’ room. Two typewriters in operation. 

C—Woodwork shop. 14-in. circular saw. 

D-—-Woodwork shop. Planing machine. 


If a sound wave completely modulates the pressure of the air at sea level, i.e., if the 
instantaneous pressure varies from 0 to 2 atmospheres, the intensity level would be 194 db. 
This represents an upper possible limit for the intensity of sounds, a limit which is not far 
above that actually attained with the Victory Siren (a large air stream modulated with a 
“chopper”’), which was used in New York City and other American cities as an air-raid 
alarm during World War II. Most of the other entries in Fig. 2 are self-explanatory. The 
standard deviations are given for a number of measurements; these were made by Bell 
Telephone Laboratories (D. F. Seacord, J. Acous. Soc. Am., Vol. 12, 183) at more than 
600 locations in four different cities. The measurements in the private hospital room 
(made by the author with a continuous recorder) revealed sound levels of 50 to 58 db dur- 
ing 80 per cent of the time from 5:00 p.m. to 7:00 P.m.; at 9:00 p.m. the level had dropped 
2or3db. In the corridors of this same hospital, levels of 65 to 75 db were common; there 
were peak levels of 78 db from the closing of elevator doors 55 ft away from the sound-level 
recorder, and 90 db from coughing 40 ft away. 


26. ACCEPTABLE NOISE LEVELS IN DIFFERENT BUILDINGS 


Although it is not customary for building codes to specify the allowable noise in dif- 
ferent types of buildings, and opinions differ considerably as to tolerable noise levels, the 
following table gives approximate loudness levels which will be, in general, highly satis- 
factory: 


Decibels 
Radio, recording and television studios..............eseeeeeee 25 to 30 
Hospitals yi. Ae siecnin dotors oe resets teeta Ree oe rere ee eee 35 to 40 
Music TOOMBS ei. eure 6 Oi Sn Ie ete Eee 30 to 35 
Apartments,hotels, and shomesiania. yee eee eee ee 35 to 45 
Theaters, churches, auditoriums, classrooms, and libraries....... 30 to 40 
Private offices and conference rooms.............s05e+sscerees 35 to 45 
Large public offices, banking rooms, stores, etc...............:- 45 to 55 
Restaurants, oars trae <e oe ccs ke we terere eee EE one 50 to 55 
SY :Yol 200) (Pan TMA SERA acral, Sein iret’ Hin Bs A ee Ante 45 to 80 


i 
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Special conditions or circumstances, such as past experience, other near-by noises, and 
costs, may alter the acceptable noise levels, but the levels given in the table are recom- 
mended for purposes of building design. As will be seen by comparing these values with 
those given in Fig. 2 the acceptable values given in the table are somewhat lower than 


Noise Out-of-doors Noise in Buildings 


Complete modulation of air pressure at sea level 


30 ft from Victory Siren (assuming a 50-kw 
sound source and no attenuation) ———_____» 


‘ Test chamber for airplane motors (1500-h 
Threshold of painful sound ———_> propeller type 7 ( i 


Noisy cockpit of fighter airplane —————————_> 


Very nolsy electric power substation 


Riveter, 35 ft away —————_ > 
z 2 Subway station, express train passing 


Electric power substation (about average) 


Noise trom 4-motor transport airplane, ——————> F 
2000 ft overhead Ventilating and equipment room for large hotel 
Heavy automobile traffic on Wilshire Boulevard;—> 


Los Angeles Average factory (standard deviation=12 db) 


Kaiser William Memorial Church, Berlin (usual 
daytime traffic 

Large offices (standard deviatlon=4.5 db) 

Large stores (standard deviatlons= 6.0 db) 

Private room, hospital, on Wilshire Boulevard, 


Los Angeles 
Average residence, with radio (standard deviation= 
, 8.0 db) 


ithout radjo (standard deviatlen 
Hollywood Bowl, early evening, no audience present rare Aga outiradl ( 


Average church 


Theater, no audience, quiet location 
Quiet suburban residence, at night, no near-by 
traffic 


Quiet sound studio for making motion pictures 


Reverberation room, University of California 
at Los Angeles 


Fia. 2. Sound Levels in or Near Buildings 


those that prevail in existing buildings. The average loudness level in the private hospital 
room, for example, is 54 db, which is some 15 to 20 db greater than the level proposed in 
the table. Since the outside traffic noise adjacent to this hospital has an average level, 
when traffic is heavy, of 80 db, and since the average tolerable level for a hospital is 37 db, 
the building should be designed for sound insulation in such a manner as will provide an 
overall noise reduction 80-37 db, i.e., 43 db. Part of the required noise reduction can be 
accomplished by a proper ‘‘setback’’ of the building and, in some instances, by dense 
planting of evergreen shrubs and trees between the street and the building; another part, 
by the use of sound-absorptive materials within the building; but most of the reduction 
can be accomplished only by proper sound insulation of the building itself. 
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27. FUNDAMENTAL PRINCIPLES OF SOUND INSULATION 


Nearly every building is subject to the annoyance of noises which have their origin in 
adjacent rooms or outside. It is possible to design buildings in such a manner as to ex- 
clude effectively both these types of annoying noises. The principal means whereby such 
noises enter a building are the following: q 

1. By means of openings, as windows, cracks around doors, ventilating ducts, or any 
other openings that will admit a free flow of air. 

2. By means of refraction or transmission through partitions. This is analogous to the 
refraction or transmission of light from air to water, or between any other two dissimilar 
media. 

3. By means of the conduction of sound through solids. For example, “impact sounds,” 
such as footfalls, hammering on walls or floors, or the moving of furniture on hardwood 
floors, are conducted through the dense and rigid structural members of a building. 

4. By means of the diaphragm action of walls which communicate sound from one side 
of a partition to the other side. 


1” J-M Sound d 
athe Felt 3Y,7 Furring Channel 


Metal Lath 


Plaster 


J-M Wall 
lsolator 


Tie Wires 


One Design of 

Johns-Manville 5 a ye : 
Floor Chair Concrete J-M Floor Chair Typical 

As Johns-Manville 

Ceiling Isolator 


As Used by United States Gypsum Co, 
Fie. 3. Flexible Cushions, Supports and Connectors 


The refraction or transmission of sound from one medium to another, as from air to 
plaster or stone, is an almost negligible factor in building construction—not more than 
about one-millionth of the intensity of the incident wave in air can penetrate a material 
like brick or stone. 

The transmission of sound through openings, on the other hand, is often the means by 
which sound is most readily transmitted from one portion of a building to another. This 
means of transmission often limits the amount of sound insulation which can be obtained 
in buildings, especially in hotels and apartments where the insulation is determined by 
such unavoidable openings as may be incidental to the use of windows and doors. Under 
such circumstances it would be futile to provide a relatively high insulation through the 
separating walls or partitions. Even very small openings, such as cracks around doors 
a src imperfectly fitting windows, are effective in transmitting a considerable amount 
of sound. 
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The transmission of sound through ventilating ducts often becomes a troublesome prob- 
lem. There are three types of sound-transmission which must be controlled: (1) the noise 
from the fans, motors, and other air-conditioning equipment which is transmitted through 
the ducts and into the room; (2) the noise from an adjacent room which is transmitted 
from opening to opening, often through a short and highly conductive section of duct; 
and (3) the noise from adjacent rooms or outside which may be transmitted through the 
walls of the duct and thence 
through the ducts and into the 
room. The noise from the ven- 
tilating equipment room can be 
reduced suitably by (1) the 
selection of slow-speed, quietly 
operating equipment; (2) treat- 
ing the walls and ceiling of the 
equipment room with highly 
absorptive material; and (3) 
introducing acoustical attenua- “= == — M 
tion within the ducts, which 
can be accomplished by using 
very long ducts of small cross-sectional area and by lining the ducts with highly absorptive 
material, or by introducing other acoustical filters in the ducts. 

Solid-borne sound travels through the structural members of a building with but very 
little attenuation. The compressional wave in a solid is often communicated to large 
surfaces, as the walls or floor of a room, and these large surfaces are made to vibrate like 
the sounding board of a piano. In this way a large portion of the solid-borne sound may 
be radiated into a room. Many solid-borne sounds can be controlled by the carpeting of 
floors; by the wrapping of pipes—especially where they touch the frame of the building— 
with flexible, porous materials, as hair felt; or by the proper mounting of machinery on 
flexible or elastic supports, so that the natural frequency of the machinery mounted on its 
flexible support will be low in comparison with the frequencies which are to be insulated. 
One of the most effective methods of eliminating these solid-borne sounds is to introduce 
discontinuities in the paths of the conducted sounds. These discontinuities should consist 
of materials which differ largely in elasticity and density from the solid structure of the 
building. For example, it is possible to suspend the ceiling by means of flexible supports; 
it is possible to build up inner walls in a room which are fastened to the monolithic frame 
by means of flexible ties; and it is possible to float the floor of the room upon flexible pads 
of cork or felt or other elastic material. In Fig. 3 are shown two types of flexible cushions, 
supports, and connectors which are effective for insulating solid-borne vibrations in 
buildings. Figure 3 also shows some constructional details for insulating solid-borne sound 
in buildings. 

Figure 4 shows a simple method of insulating any object, as a part of a building or a 
piece of equipment, from earth, building, or machinery vibration. The problem consists 
of insulating a mass m from another object of mass M by means of a flexible support 
which has certain elastic and damping properties. Figure 5 is the electric circuit equivalent 


000000 
000000 
000000 


Fie. 4. Effective Method for Insulation of Vibration 


é sin 27nt 


Fig. 5. Electric Circuit Equivalent of Fig. 4 


of Fig. 4. This circuit implies that, when M is set into forced periodic vibration, these 
vibrations are communicated to m principally by means of the elastic coupling between 
M and m, although the internal damping or resistance r of the system also contributes to 
the coupling. If a; and a2 represent the amplitudes of vibration set up in M and m, 
respectively, 7 the frequency, and c the compliance, then 


a _ 4 | ‘72 + (1/42???) (1) 
aq Yr+2rmn — (1/2rnc)P 
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This equation has been tested experimentally for both supported and suspended systems 
and is in good agreement with the observed results. The equation is useful for calculating 
the insulation value of different types of flexible supports. For values of n which are 
small compared with the natural or free vibration of m upon its elastic support, a@2/a, will 
be equal to unity; that is, m and M vibrate with the same amplitude. At the resonant 
frequency, a2/a is greater than unity, or the insulating support actually amplifies the 


1 
motion imparted to m. However, at frequencies greater than mi “me the value of a2/a1 


becomes less than unity, and it approaches the value r/2rnm at frequencies which are 
high compared with the natural or resonant frequency. In general, both m and c should 
be as large as possible if m is to be well insulated from the vibrations in M i that is, the 
support should be very elastic and loaded as heavily as possible (see also article 30). 

In Table 1 are given the values of the compliance ¢ and the resistance r of a number of 
materials which are used for the insulation of vibration. Beside these materials there are 
a number of patented devices, similar to those shown in Fig. 3, which are very effective. 
(See Sound Transmission in Buildings, by Fitzmaurice and Allen, His Majesty’s Stationery 
Office, London [1939], and Modern Theory and Practice in Building Design, by Fleming 
and Allen, The Institution, London [1945].) 


Table 1. Compliance and Resistance Data for Typical Specimens of Flexible Materials 


The compliance and resistance given in the table are for specimens 1 in. thick and 1 sq em in cross- 


section. 
Approximate 5 : 
J Description of Upper Safe Compliance, sea ears 
Material Material Loading, Ib c, cm per r, abso ute 
. dyne units 
per sq in. 

Gorkboardlmecrstttacias tevccis cre 1.10 Ib per board ft 12 0.25<ol0men| m0 aSe ano 

Gorkboardiacicciors feces ol sisiatey 0.70 lb per board ft 8 0.50 x 10-® | 0.25 x 105 

Blas-liemums. © oeiccere os scale oars 1.35 lb per board ft 4-6 0.60 x 107§ | 0.50 x 10° 
Celatoxer ei cccctens sce siete ecaue Shee eye Insulating board 12 0.18 x 107-6 
Insults cece feo eek Insulating board 15 0.16 x 1076 
MMigsQnnitie Neila ecu tie nels ete hale Insulating board 15 0.12 * 1076 
Spongeywubbers sae) a. qciviee ale ss 25 lb per cu ft 1-3 30.50 
Soft, India :rubber.2...2% son uaa 55 lb per cu ft 3-6 12 eal Ome 
(Flair fel thee otis, sun ciwceusiiaae ee 10 lb per cu ft 1-2 1.55 Sl Ome 


In the choice of materials for the insulation of vibration or solid-borne sound, it is 
necessary to give consideration to the safe amount of loading the material will withstand 
without breaking down or without being compressed to the extent that its compliance is 
reduced beyond required limits. It also is important to select a material that will have a 
long life and that will not continue to compress or settle under the load which it supports. 
For example, if ordinary insulation cork is loaded ‘as much as 20 or 30 Ib. per sq in., the 
material will continue to compress indefinitely, and at the same time will become less 
and less compliant, until ultimately it not only loses its insulation value but also allows 
an amount of settling which cannot be tolerated. For example, a specimen of 1-in. insula- 
tion cork (0.70 lb per board ft), under a load of 20 lb per sq in., settled 0.04 in. during the 
first 24 hours, 0.02 in. during the next 24 hours, and 0.11 in. during the first 5 months it 
was under compression. The same specimens, under a load of 10 lb per sq in., settled only 
0.01 in. during the first 24 hours, 0.005 in. during the next 24 hours, and only 0.03 in. 
during the first 5 months. In general, the most satisfactory material will be one that has 
a high compliance and very little tendency to settle under the influence of the load and 
that tends to return to its initial condition when the load is removed. Hair felt, cork, and 
rubber seem to be the best available materials that meet these requirements, although all 
these materials continue to settle, and become less and less compliant, as they become 
older. Flexible steel supports and clips, such as those shown in Fig. 3, do not have these 
defects and are proving to be very satisfactory not only for the insulation of walls, floors, 
and ceilings but also for insulating all sorts of equipment from the floor or the rigid frame 
of the building. 

INSULATION OF SOUND BY POROUS MATERIALS. The insulation of sound by 
porous materials is accomplished principally by viscous losses within the capillary pores 
within the material and by the vibration of the component parts of the material. F ig- 
ure 6 shows the transmission coefficients at different frequencies for one, two, three, and 
four layers of hair felt having a density of 12 lb per cu ft. These results show that, approxi- 
mately, the logarithm of the energy reduction, or the reduction in decibels, of sound 
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transmitted through porous materials is proportional to the thickness of the material. 
The results also show that porous materials, if used by themselves, do not provide a very 
high degree of sound insulation unless the insulating blanket or partition is very thick. 
Thus, at 700 cycles, the coefficient of transmission for four layers of hair felt—each layer 
is 0.58 in. thick—is about 0.01; that is, a sound wave of 700 cycles would be attenuated 
only 20 db in passing through 2.32 in. of hair felt. However, when such materials are 
used properly in conjunction with rigid partitions, they may contribute a considerable 
amount to the total insulation sup- 
plied by a wall structure. One of 10 
the most effective ways in which 
such materials may be used for the 
insulation of sound is by suspending 
or supporting the porous blanket in 
an air space between two rigid par- 
titions. o2 
INSULATION OF SOUND BY 
RIGID PARTITIONS. Sound is 


transmitted through rigid partitions § ©! 
principally by the forced vibration %& 
of the wall; that is, the entire parti- & 005 
tion is forced into vibration by the § 
pressure variations of the incident 4 
sound wave. The transmission co- 2 
efficient + for a heavy partition, as 8 002 
masonry or concrete, for normally & 
incident sound, is given, approxi- = 
mately, by 8 eet 
1 1 a\? . © 
= =] + 4 (22) sin? kyl (2) & 0:005 


where p; and ¢c, are the density and 
sound velocity in the partition, p 
and ¢ the corresponding density and 0-002 
velocity in the air, ki = 27/1, where 
\1 is the wavelength of the sound in 0:00! 
the partition and 7 is the thickness 
of the panel, The transmission loss Frequency 
a decibels (10 logio 1/7) for a 9-in. Fig. 6. Transmission Coefficient for One, Two, Three, 
brick wall, as calculated by ea. (2), and Four Layers of Hair Felt. (Davis and Littler.) 
is fabout 50 db at 100 cycles and 
rises almost uniformly with frequency to 78 db at 4000 cycles, and then drops to a 
minimum at 8000 cycles (which is zero according to eq. [2] but actually is of the order of 
50 db because of dissipation within the partition). At frequencies below about 100 cycles, 
the resonant properties of the partition are of considerable influence; the transmission 
loss (T.L.) at these low frequencies may be much less than that calculated by eq. (2). 
The observed T.L. for heavy masonry partitions, even at 100 to 4000 cycles, is some 10 to 
15 db less than that calculated from eq. (2), but the equation is useful for predicting the 
influence on T.L. of such factors as the wavelength of the sound and the mass and thick- 
ness of the partition. 

For most rigid walls in buildings, as concrete, brick, clay or gypsum tile, wood or metal 
studs plastered on one or both sides, and even glass or metal panels, eq. (2) can be further 
simplified so that, approximately, for frequencies of 100 to 4000 cycles, 


ce 


~where k = 27/) (A is the wavelength of the sound in air); and m is the effective mass per 
unit area of the wall, which is of the order of 0.2 to 1 times the actual mass per unit area. 
‘The mass reaction of rigid walls is thus the dominant factor affecting sound transmission; 
the sound is transmitted largely by the diaphragmlike vibration of the wall, the wall re- 
‘sponding to the alternating force of the impinging sound wave much as a rigid piston would. 

In thin flexible panels, the stiffness, the internal damping, the size of the panel, and the 
‘manner in which it is clamped around the edges all contribute to the total amount of vibra- 
tion which will be imparted to the partition, and therefore all these factors contribute to 
the insulation value of such walls. However, these factors are effective principally at low 
frequencies; the mass is the predominant factor throughout most of the audio-frequency 
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range in determining the insulation value of nearly all rigid panels and partitions encoun- 
tered in practice. In Fig. 7 is given a summary of the measured insulation value of many 
rigid panels having weights varying from 2 lb per sq ft up to 100 lb per sq ft. There is a 
nearly linear relation between the average T.L. and the logarithm of the weight per square 
foot of the partition. (The average T.L. is the arithmetical mean of the measured trans- 
mission losses at 128, 256, 512, 1024, and 2048 cycles.) 

Whereas the insulation value of porous materials is proportional approximately to the 
thickness of the material, the insulation value of a rigid material increases only as the 
logarithm of the thickness. Because of the slow increase in insulation with increased mass 
or thickness of a rigid partition, it is not always feasible to secure a high insulation by 
merely increasing the thickness of the wall. Thus, it would be necessary to increase the 
thickness of a concrete wall to nearly 4 ft in order to give the wall an insulation of 60 db. 


4 Bureau of Standards 
© Knudsen 


© Meyer 
Nat, Phys. Lab. 


Insulation— db 


1 2 3 AON Ga Sr910 20 30 40 50 60 70 8090100 
Weight per Square Foot 
Fie. 7. Transmission Loss in db for Rigid Single Partitions 


When walls of high insulation are required, it is more feasible and economical to employ 
special structures which combine the two principles of sound insulation just described: 
namely, absorption losses in porous-flexible materials, and inertial losses in massive parti- 
tions. Thus, two or three rigid and relatively thin partitions separated from each other 
by felts or blankets can easily be composed in such a manner as to give an insulation of 60 
or even 70 db. The insulation value of many special forms of construction employing 
these and other principles will be found in the tables in the next section. (See also ref- 
erences given on p. 12-75.) 


28. COEFFICIENTS OF SOUND TRANSMISSION 


The coefficient of sound transmission of a panel is the ratio of the transmitted to the 
incident sound energy. One of the most satisfactory methods for measuring the coeffi- 
cients of different materials is to make measurements of the sound intensity on both sides 
of a test panel placed between two rooms which are so constructed that no sound is trans- 
mitted from one room to the other except through the test panel. Thus, suppose the aver- 
age intensity near the panel in the source room to be J; and the average intensity in the 
test room to be J2, Then the rate of flow of sound energy against the test panel in the 
source room will be J;A, where A is the area of the test panel. The rate at which energy 
will be transmitted through the panel into the test room will be J;Ar, where 7 is the trans- 
mission coefficient for the panel. The product J;Ar is then the rate of emission of sound 
energy in the test room. Hence, when equilibrium is established, this rate of emission of 
sound energy will be equal to the rate of absorption of sound in the test room, which is 
equal to Iza, where az is the total absorption of the test room. Hence, 


fhe ee (4) 


The coefficient of transmission thus involves not only the intensities on the ino sides of 


the panel but also the area of the panel and the total amount of absorption in the test 
room. 
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Table 2. Coefficients of Sound Transmission 
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Description of Pan el eather Reduction Factors in Decibels soy Probable 
(Bold-face type signifies eight, Au- Aver-| Average 
that the panel has Ib per thor age Value 
practical merit) saft | 128 | 256 | 512 | 1024| 2048] ity |r. | of 
db 
Porous-flexible Materials and Fiber Boards 
Celotex, Standard, 0.5in..} 0.66 |...... 22.4 | 17.3 23.4 | 27.4 1 20 0.010 
Insulite:0;5)1n5..cane sees OST SI u\evoreneers PIA NARA 74 24.1 | 20.9 1* 19 0.013 
Hairrfolt olin.8s.... 60.8% «1. 0.75 4.9 4.6 6.0 ya | 6.7 Siveanlbeprest tolhavedrarereeye.« 
iarefelt caliente se | tere ees fe Dale 2ella lions 19.7 | 19.4 Domealicie telnet 
Rock Wool blanket, 0.5 in. 

covered on both sides 

with heavy brown paper |........ SBD" vc cate UZASS sae att 18.4 2 16 0.025 
-Upson Blue Stripe Insula- 

ELLOS Oe 5 BAR OLA OEE EIT [pat oe en 14.0 | 15.1 16.0 18352121 2 16 0.025 

Thin Rigid Materials 
Aluminum, 0.025 in....... 053510 ess N79 Ne 1 3)s2 NZfatd a) \e2)., 2 1 * 16 0.025 
Duralumin, 0.020 in...... ORS Si eaitesteck, « 14.1 (74g) M7 On || ne2 2D) 1 * 15 0.032 
Iron, 0.03 in. galvanized. . WZ te iliveveteeete 25-3) '/,20..5) 28.8 | 35.0 1* 25 0.0032 
Bead, 0:062)in. «tec. ss FONT Sil snvstaous BS) soe S2eules2 ol 1 * 30 0.0010 
Plywood, 0.25 in., three- 

LY Peso Mee bee ae 0:73; eas ae. 21.0 | 20.7 25.5 | 2620 1* 21 0.0080 
Mahogany, 1.85in....... Cee a alll ORS one 26.0 | 27.0 06 Ue bocdue 4 28 0.0016 
Plaster board, 015 in......).......5 27.02). 5. 2830 ARG. 33.0 2 28 0.0016 

Doors and Windows 
Doors 
Birch veneer, light, four 

Tio sae, ney AR es triaiectcrd (Bioanal 13.0 | 16.1 | 20.4 ZEB 220 3 22 0.0063 
“Cold-storage’’ door, 

Gonublenwally4 int 5 sy.<ci|lene enews ols. 16:/4| |. 20,8 |, 27.1 29.4 | 28.9 3 29 0.0013 
Oak, solid, 1175 in., with 

cracks as ordinarily hung]........ US US Aale e2054 220 ||) 1652 3 20 0.01 
Oak, like above, well seas- 

oned and air tight......]........ Heh Sh 2ae2208 PASTE NP ai 74 33 25 0.0032 
Steel solids O25 10. jascycteoll eee ci Doel Me SOe eh Ie Salen t 36.4 | 31,5 3 35 0.00032 

Windows 
Glass, plate, 0.25 in....... ELSE lal eotes As 32.6 | 30.9 33.5 | 34.2 1 * 30 0.0010 
Glass, plate, 0.25 in., four 

RIATIONS Vee erties tests cites |llotetoetetnce. 23.2 | 20.8 | 26.4 IN [ESTA 9B} 3 29 0.0013 
Glass, plate, 0.25 in., 

double glazed, 16 in. 

Beparatiomeya te. or eed er eects tale ole dor illeteeryen 4350" Filtre onahavell tabenerayans 3 48 0.000016 , 

Rigid Partitions (Tile, Brick, Concrete, etc.) 
Brick panel, 8 in.; plas- 

tered both sides........ OF O Ne lleseversters 47.7 | 49.4 57,10), | 5952 1 * 49 0.000013 
Tiles, hollow-clay parti- 

tion, three cells, 4 in. by 

12 in. by 12 in., plas- 

tered both sides........ 2IEOT es das 41.1 | 40.0 41.5 | 49.9 1 © 40 0.00010 
Tile, hollow clay, 4 in., 

unplastered 0.000... e0 17.0 24.5 | 24.1 | 26.1 35.5 | 29.8 3 35 | 0.00032 
Tile, like above, 0.5 in. 

plastersywi is. ides 22.0 25.1 | 24.3 | 26.9 38.2 | 33.9 3 38 0.00016 
Tile, hollow gypsum, 3 in., 

unplastered........... Titel 19.2 | 18.7 | 20.8 28.5 | 30.0 3 31 | 0.00080 
Brick 4.5 in., 0.5 in. fiber 

board stuck on each face, 

then 0.6 plaster on each 

{Res Peco ileh bicb ke habe 46.89 1 fabric. 5 44. 45. ie yf 6 48 0.000016 
Brick, 0.25in. Masonite on 

lath on one side, 11 in..| 88.0 36.5 | 37.0 | 48.0 58.5 | 61.0 5§ 48 0.000016 
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Table 2. Coefficients of Sound Transmission—Continued 


: Prob- 
Description of Panel Reduction Factors in Decibels alte Probable 
(Bold-face type signifies Weight, Au- Aver-| Average 
that the panel has Ib per ee age Value 
practical merit) sq ft 128 | 256 | 512) || 1024 | 2048 | * | ran. of r 
db 
| 


Rigid Partitions (Tile, Brick, Concrete, etc.)—Continued 


Clinker concrete, 3 in., 
plastered both sides....| 31. 28. 33% 40. 50. 57. 6 40 0.00010 
Concrete, 3 in.; 0.75 in. 
cement and linoleum...| 49.0 36.5 | 37.5 | 44.5 54.0 | 65.0 5§ 48 0.000016 


Wood Studs and Plaster, Metal Channel Iron and Plaster, etc. 


Wood studs, 2 in. by 4 in., 
17 in. 0.c., 0.25 in. by 1.5 
in. wood lath, 0.375 in. 
apart, gypsum scratch, 
lime brown, smooth fin- 
ASE ais ossaneteterereis eee es [srerstersteter ell earecetats AO Dia lyacper ooo 42.6 | 52.2 1 * 44 0.000040 

Wood stud; wood lath, 
0.25 in. by 1.5 in. spaced 
0.375 in.; gypsum 
scratch coat, 0.25 in.; 
brown coat, 0.25 in.— 


0.375 in.; finish coat....| 18.6 24.4 | 25.6 | 29.1 BYAs || SET) 3 37 0.00020 
Wood studs, etc., as above 
except lime plaster..... 18.0 27.5 | 28.8 | 38.1 46.6 | 42.9 3 43 0.000050 


Wood studs, 2in. by 4in., 
0.5 in. Celotex, gypsum 
plasters eects 12.0 1727) | 2457m1-37..0 43.7 | 36.7 3 40 0.00010 


Floor and Ceiling Partitions 


Concrete flat slab floor 
construction, reinforced. 
Insulite furred out, ap- 
plied as ceiling......... 54.4 50.9 | 54.8 | 58.7 9659) || D302 [Int.% 51 0.0000080 

Wood joists. Lower side 
plastered on wood lath; 
upper side, subflooring 
and 0.375 in. finish floor- 
oT di as sericea aCHCiCH RON aCe IKH Ko EO ica 47.9 | 46.8 | 40.7 50.1 | 48.8 | * 43 0.000050 

Wood joists, etc., as above, 
with floating floor con- 
sisting of nailing strips 
rough and finish flooring |........ 57.6 | 57.5 | 54.8 62.4 | 57.6 iW E3 53 0.000005 


Double Walls 


Tile, double 2in. solid gyp- 
sum, unplastered, un- 
bridged, 2in. separation; 


structurally separated. .| 20.4 25.2 | 34.2 | 44.5 51.0 | 62.6 3 48 0.000016 
Tile, etc., as above, except 

bridged at middle...... 20.4 PMNS |e evar | EY 5) 45.6 | 52.0 3 44 0.000040 
Tile, etc., as above, filled 

with sawdust.......... 23.0 21.16 | 28.1 | 39.3 47.0 | 54.0 3 44 0.000040 


Tile, double 2 in. solid gyp- 
sum, unplastered, un- 
bridged, 4in. separation; 
structurally separated. .| 20.4 28.4 | 47.4 | 54.2 59.0 | 56.8 3. 51 0.000008 


* Reduction factors from the Bureau of Standards, for the most part, are for the following frequency 
‘bands: 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. The data for the 
several frequency bands are recorded under the frequencies to which the frequency bands most nearly 
correspond. 

+ For frequencies of 300, 500, and 1000 cycles. 

t Average value from 128 to 2048 cycles. 

§ Berg and Holtsmark’s reduction factors are for frequency bands of 100-200, 200-400, 400-800, 
800-1600, and 1600-3200 cycles. Their values are recorded under 128, 256, 512, 1024, and 2048 cycles, 
respectively. 

Authority: (1) Bureau of Standards, (2) V. O. Knudsen, (3) P. E. Sabine, (4) Davis and Littler, 
(5) Berg and Holtsmark, and (6) National Physical Laboratory. 
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For other methods of measuring transmission coefficients see Knudsen, Architectural 
Acoustics, Chapter XI. 

The results of sound-insulation measurements obtained in different laboratories are 
grouped in Table 2. Each group contains the data for materials or partitions having a 
number of properties in common. The data in each group have been arranged so as to 
keep together those from each laboratory, which is necessary since the results on the same 
panel tested in different laboratories are not always in good agreement. The data from 
most laboratories give what has been called the reduction factor for the panel or partition 
tested. This reduction factor is usually the ratio of the intensities of sound on both sides 
of the test panel, or, in decibels, is 10 times the logarithm of this ratio. Since the trans- 
mission coefficient depends upon the size of the panel and the amount of absorption in 
the test room, as is shown by eq. (4), the reduction factors published by several labora- 
tories (before about 1935) do not agree with the T.L., which in decibels is 10 logig 1/7. The 
compiler has made an attempt to adjust the data from different laboratories in such a 
manner as to give comparable ratings for all the materials and partitions listed in the tables. 

In the table, the data given under ‘“‘Reduction Factors in Decibels’”’ are the results 

_ published by the authors. The data given in the last two columns in the table give the 
compiler’s estimate of the probable average value of the T.L., and the probable average 
value of the transmission coefficient 7. The reduction factors at the different frequencies 
are useful since they describe the insulation value of the panel or partition at these fre- 
quencies. This is often an important matter in the selection of materials or partitions 
for sound insulation. For example, partitions which have a relatively low insulation 
value in the frequency range from 500 to 1000 cycles would not be suitable for the insula- 
tion of traffic noise and of most noises met in buildings, since most such noises contain a 
relatively large amount of sound energy in this frequency range. (See Fig. 1.) For this 
reason, the panels which show the highest values of T.L. may not supply the greatest 
amount of sound insulation for all types of noise. It is necessary, in determining the best 
type of partition for each problem which arises in sound insulation, to give consideration 
to the reduction factors at the different frequencies as well as to the average value of T.L. 
or T. 

Partitions which possess outstanding merit with regard to both insulation value and 
practicability are designated by bold-face type in the column which gives the name and 
description of the partition.* 


29. PRACTICAL CONSIDERATIONS IN THE SELECTION OF 
MATERIALS AND TYPES OF STRUCTURE FOR 
INSULATION IN BUILDINGS 


Since errors as large as 3 or 4 db are inherent in many of the data on sound insulation, 
small differences in the tabulated results of the preceding article should not be regarded 
as having much significance. A consideration of the tabulated data suggests the following 
generalizations concerning the insulative properties of different building materials and 
partitions: 

1. The insulation value of rigid masonry or monolithic partitions increases directly as 
the logarithm of the weight per square foot of wall section—so that the rate of increase of 
insulation with increased weight is relatively slow for partitions which are heavier than, 
say, 30 or 40 lb per sq ft. As a consequence, it is often in the interest of both insulation 
and economy to substitute two or more light-weight partitions, or specially composed 
partitions, for heavy masonry partitions. There are many occasions in building practice 
where this may be done with a gain in insulation, with a reduction in the dead load of the 
building, and at a reduced cost. However, for thin partitions, where the dead load is not 
a serious problem, dense rigid panels such as plastered brick or solid tile provide a satis- 
factory means of obtaining a T.L. of about 40 to 45 db. ; 

2. Lime plaster on wood lath and wood studs gives better insulation than an equal 
thickness of gypsum plaster on wood lath and wood studs. Sabine reports an advantage 
of about 9 db for lime, plaster as compared with gypsum plaster, and the Bureau of Stand- 
ards reports an even greater difference. Wood stud and plaster partitions rate slightly 
higher than channel iron and plaster. 

3. Wood partitions, with tongue-and-groove joints, provide more insulation than 
masonry partitions of the same weight or thickness. (The development of cracks in wood 
partitions, however, will greatly reduce their insulation value.) 


* More extensive tables on sound-insulation data will be found in Knudsen’s Architectural Acoustics, 
Glover’s Practical Acoustics for the Constructor, Constable and Ashton, Sound Insulation of Single and 
Complex Partitions, Philosophical Mag., Vol. 23, 161-181 (1937), and Knudsen and Harris, Acoustical 
Designing in Architecture (1949). 
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4. Double partitions seem to offer the most feasible means of obtaining high insulation 
at a reasonable cost and reasonable dead load. The separate partitions should be as com- 
pletely insulated from each other as possible, as the introduction of structural ties between 
the separate partitions tends to convert the two partitions into a single rigid one and thus 
greatly reduces the insulation. The suspension of a blanket or fiber board between double 
partitions or between the wood studs or channel irons in staggered stud partitions is often 
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Fig. 8. Recommended Types of Structure for Sound Insulation 


an aid to insulation. 


The addition of any absorptive material in the air space between 


double partitions contributes considerably to sound insulation unless the absorptive 
material makes a rigid or semirigid bridge between the two partitions, in which case it 
may be worse than nothing. Thus, the addition of cinders, pumice, or other rigid-porous 
materials between structurally separated partitions will sometimes reduce the overall 
insulation. 

A number of satisfactory types of construction for obtaining wall partitions having a 
T.L. greater than 40 db and floor and ceiling partitions having a T.L. greater than 50 db 
are indicated in Fig. 8. These methods of construction will meet most of the requirements 
for sound insulation that will arise in connection with the design of buildings. The aver- 
age T.L. is given for each partition. (See also references given on pp. 12-67 and 12-75.) 


se 


va 


THE HEARING OF SPEECH IN AUDITORIUMS 12-69 


30. CALCULATION OF INSULATION IN BUILDING DESIGN 


From a2 simple consideration of the transmission of sound through the boundaries of a 
room it can be shown that the noise-reduction factor for a room (the number of decibels 
the intensity of the sound is reduced by transmission through the boundaries) is given by 


Noise-reduction factor = 10 logio = (5) 


where a is the total absorption of the room, and T = 714A; + 7242 +7343 +... is the 
total transmittance for the boundaries of the room. 74, 72, and 73 are the coefficients of 
transmission of the different parts of the boundaries of the room, and Aj, Ae, and A; are 
the corresponding areas of these boundaries. 
In order to illustrate the use of eq. (5) a typical calculation will be made for determin- 

ing the noise-reduction factor of a small studio. 

Volume of room = 50,000 cu ft. 

Total absorption in room, including audience = 2400 sabins. 


Description of Walls, Ceiling, Windows, and Doors; and the Transmittance through 
These Surfaces 


Material ager roe ; T TA 
4-in. concrete slab ceiling plus 1/2 in. acoustical 

rmiaterialiynie. 2 thre cea ees qoaeat sea setgare ape dete 2500 0.000025 0.0625 
8-in. brick walls plus 1/2 in. acoustical material...... 4500 . 0000080 . 0360 

3/1g-in. glass windows, closed. .......+.+e.++eeeees 400 00110 440 

1 1/g-in. hardwood doors, good closure............. 100 . 00031 .031 
MotalitransmittancedCh) Mase secstee e cciete soe ol oe cee eels pees eaie sare 0.5695 

Ciderl: 2400 
Therefore — = =—_ = 4210 


and 
10 logip 4210 = 36.2 db 


That is, the noise-reduction factor, or the effective insulation which the room provides 
against outside noise, is 36.2 db. Thus, if the studio is located where the outside noise is 
at a level of 60 db, the leve! of the noise which reaches the studio will be 60 — 36.2 or 
23.8 db. It will be noted that most of the transmitted noise is that which comes through 
the glass windows, and that therefore the noise-reduction factor can be increased con- 
siderably by means of double windows or by dispensing with the windows. 


ACOUSTIC DESIGN OF AUDITORIUMS 


By Vern O. Knudsen 


31. THE HEARING OF SPEECH IN AUDITORIUMS 


Four principal factors affect the hearing of speech in auditoriums: the shape of the room, 
the loudness of the speech which reaches the listeners, the reverberation characteristics 
of the room, and the amount of noise in the room. If average speech is loud and distinct, 
and entirely free from the interfering effects of noise and reverberation, the percentage 
articulation for the average listener will be 96, that is, 96 out of 100 meaningless monosyl- 
labic speech sounds will be heard correctly. 

In an equation for calculating the percentage articulation for a room it will be necessary 
to introduce reduction or distortion factors due to (1) the shape of the room, (2) inadequate 
loudness, (3) excessive reverberation, and (4) extraneous noise. It is possible to represent 
approximately the percentage articulation in any room by the equation 


Percentage articulation = 96kskik;kn (1) 


where k, = the reduction factor due to the shape of the room. 
ki = the reduction factor due to the inadequate loudness of speech. 
k, = the reduction factor due to the excess of reverberation in the room, 


the reduction factor due to the extraneous noise in the room. 
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In the ideal room each of these factors will be equal to unity, so that the percentage 
articulation under such conditions would be 96 per cent. : 

Experimental data have been obtained by means of which it is possible to determine the 
appropriate values of these four factors for any auditorium, although considerable re- 
search remains to be done before accurate values of ks are known. When these factors 
are determined for a certain auditorium and substituted in eq. (1) the resulting product 
gives the probable average percentage articulation in that auditorium. 

It is admittedly only an approximation to represent these factors by single numbers. 
For example, the reverberation is described not by a single number but by a curve giving 
the times of reverberation at different frequencies. However, if one takes the time of 
reverberation for a tone of 512 cycles, one will have a fairly reliable index for representing 
the condition of reverberation in a room, especially if the reverberation time does not vary 
too widely at different frequencies. Such a single index is very useful for rating the 
acoustical quality of rooms. In problems of design, on the other hand, consideration 
should be given to the reverberation throughout the entire range of frequencies. Similarly, 
the noise spectrum in the room and the shape of the room cannot be represented rigorously 
by single numbers. However, in the rectangular room of conventional shape it is not only 
admissible to use a single factor to represent the effect of shape on articulation, but the 
factor k, will not deviate appreciably from unity. 

The four factors which affect the hearing of speech in rooms will now be considered 
separately. 

SHAPE. It is not only necessary to avoid shapes which will produce acoustical defects, 
such as echoes, flutters, sound foci, interfering effects, and ‘‘whispering gallery”’ effects, 
but it is of prime importance to design shapes which will facilitate the most advantageous 
flow of sound energy to all auditors in the room. 

There are three outstanding forms which should never be tolerated: (1) those which will 
produce a pronounced focusing of sound, thus giving an excessive concentration of sound 
in some places and a scarcity of sound in other places; (2) those which will produce exces- 
sive delays between the sound which reaches the auditors by a direct path from the source 
and that which reaches the auditors by reflection from the ceiling or walls; and (3) those 
in which the sound reaching the auditors 
travels a relatively long distance, at 
grazing incidence, over a highly absorp- 
tive surface. The sound which comes 
by the reflected paths always has to 
travel a greater distance than that which 
comes by the direct path, and if the 
difference in these path lengths is as 
great as 65 ft the reflected sound will be 
delayed to the extent that it is heard as 
a separate sound; that is, the delayed 
sound produces an echo. Even when 
the reflected sound is delayed as much 

Fre. 1. Reflection of Sound from a Domed Ceiling 2S 50 ft it unites with the direct sound 

sufficiently out of phase to produce a 
masking or blurring interference. Figure 1 exhibits a characteristic defect which results 
from the use of concave surfaces. 

Figure 2 shows a longitudinal section of a cut-away model of an auditorium which is 
not only free from concentrations, dead spots, and interfering reflections but also is so 
shaped as to give a nearly uniform distribution of diffusely reflected sound to all parts of 
the auditorium, with a slight preference for the more remote parts. : 

In many auditoriums, and even in some sound-recording studios, it may be difficult 
or even impossible to avoid large and therefore troublesome differences of path between 
the direct and reflected sound. In such instances it is advisable to break up the surfaces 
producing these delayed reflections by introducing coffers, beams, pilasters, or other irregu- 
larities in contour. A number of rooms, highly acclaimed for their good acoustics, have 
been designed with walls and ceiling deliberately covered with polycylindrical sound 
diffusers. Figure 3 is a typical example. In rooms where public-address systems are 
required, the architect will have greater freedom in designing the shape and size of the 
room. 

Both speech and music rooms should be designed so that the auditors receive a relatively 
large amount of sound which travels directly from the source or from reflectors located 
sufficiently near the source so that this reflected sound is nearly in phase with the direct 
sound. The stage, pulpit, platform, choir loft, or other location for the speaker or per- 
former should be well elevated above the audience and provided with large, reflective 
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1. Acoustically treated projection booth with sound 7. Proscenium splays. horn-like shape of stage opening 
amplification equipment and controls for sound projects sound to audience. 
monitoring. 8. Upholstered seats: absorption value of each seat 
2. Ceiling planes reflect sound to all parts of the equivalent to that of a person’s clothing. 
auditorium. 9. Double doors to foyer insulate against external 
3, Three-channel public address system to reproduce noises. 
stage sound in ‘auditory perspective’. 10. Slanting rearwalls on main floor and balcony reflect 
4. High-fidelity speakers: bass-compensated dynamic sound down toward rear seats. 
speaker for low tones; high frequency directional 11. Acoustically treated foyer to reduce external noises. 
horns fer high tones, 12. Streamlined balcony improves flow of sound to 
5. Backstage treated with acoustical plaster to reduce rear seats. 


“stage echoes’’. 
Acoustic treatment on walls: over-all distribution 
in alternate bands of (a) acoustic tile and (6) 
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Fig. 2. Cut-away Model of the High School qe for Whittier, California. (William Harrison, 
rchitect. 
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Fra, 3. Polycylindrical Sound Diffusers in an RCA Disk Recording Studio in New York. (Volkmann.) 
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surfaces located behind, above, and on both sides of the position where the sound originates. 
In addition, especially in large rooms, the floor should rise progressively toward the rear 
of the room, or the room should be designed with one or more balconies, so that all auditors 
obtain an abundance of direct or beneficially reflected sound—the path length of the re- 
flected sound should not exceed that of the direct sound by more than 50 ft, and preferably 
less than that, so that the reflected sound will reinforce, and not interfere with, the direct 
sound. Long rooms with level 
floors, with a low platform or no 
platform at all, and with a highly 
absorptive ceiling, are especially 
poor speech rooms, since much 
of the sound reaching the auditors 
in such rooms travels at near 
grazing incidence over the highly 
absorptive audience and also along 
the absorptive ceiling. (See Fig. 
4.) The intensity of free progres- 
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Fia. 4. Variation of Intensity of Sound with Distance from 
Source in Large Rooms with Absorbent and Non-absorbent 
Ceilings, Showing the Excessive Decrease in Level Which Oc- 
curs When Sound Travels over or along an Absorptive Surface 


power of the distance from the 


sound source. Properly designed 
reflective surfaces, large compared 
with the wavelength of the sound, 


will largely compensate for such 
excessive losses and will insure adequate loudness of unamplified speech for rooms having 
volumes of less than about 50,000 cuft. For larger rooms it is necessary to amplify the 
speech with a suitable public-address system. 

For further details regarding shape of rooms consult Bagenal and Wood, Planning for 
Good Acoustics; Knudsen and Harris, Acoustical Designing in Architecture; and the current 
and bound volumes of the Journal of the Acoustical Society of America. 

NOISE. The curve in Fig. 5, obtained empirically, gives the value of the noise- 
reduction factor k, for different amounts of noise. The abscissa is the ratio of the sound 
level of the noise, in decibels, to that of the speech, also in decibels. Thus, when the noise 


Ratio of Noise to Speech Levels 


Fie. 5. Effect of Noise on the Hearing of Speech 


is at the same level as the speech, the abscissa is 1.0. Although the value of kn given in these 
curves is only an approximation, based upon a limited number of measurements, experi- 
ence has indicated that it is useful in problems of design or correction. 

LOUDNESS. The curve of Fig. 3, p. 12-31, gives the percentage articulation for 
speech as a function of the sound level of speech, as determined by Fletcher and Steinberg. 
Thus, the optimal sound level of speech, in quiet surroundings, is 70 db above threshold 
and for levels below 40 db the articulation drops off rapidly. The loudness reduction 
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factor ki to be used in eq. (1) is obtained by dividing the percentage articulation by 96. 
The curve in Fig. 6 gives the average speech power, in microwatts, of the average speaker 
in rooms of different size. By means of this curve, and the amount of absorption in the 
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room, it is possible to calculate the average sound level of speech for any auditorium, and 
then from Fig. 3, p. 12-31, to calculate the appropriate value of ky. In Table 1 are given 
values of kz for rooms of different size and different times of reverberation. 


Table 1. Values of k; for Use in Eq. (1) 


Time of Volume of Room, cu ft 
Reverbera- 

tion, sec 12,500 | 25,000 | 50,000 100,000 200,000 400,000 800,000 | 1,600,000 
0.50 0.96 0.94 0.92 0.90 0.88 0.85 0.81 0.76 
0.75 .97 .95 2SEY epi 91 . 89 . 87 84 . 80 
1.00 97 -96 94 92 -90 . 88 . 86 . 82 
1.25 .97 96 95 -93 | 89 . 87 . 83 
1.50 -98 96 95 94 -92 .90 . 88 .84 
2.00 -98 -97 -96 95 .93 91 .89 . 86 
3.00 98 Oe, .97 2196 94 aby 91 .88 
4.00 -98 -98 .97 96 aoe) .94 ay . 89 
6.00 .99 98 -98 97 .96 95 393 91 
8.00 99 99 98 97 -96 3) .94 92 


REVERBERATION. The curve shown in Fig. 7, empirically determined, gives the 
value of k,, the reverberation reduction factor, for different times of reverberation at 512 
eycles. This curve is based upon the results of speech articulation data obtained in four- 


Time of Reverberation—Seconds 
Fia. 7. Effect of Reverberation on Hearing of Speech 


teen different auditoriums having times of reverberation varying from less than 1 sec up 
to more than 8 sec. It is seen that k, decreases almost uniformly as the time of reverbera- 
tion increases from 1 to about 6 sec. The abscissa in this curve gives the reverberation 
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time at 512 cycles. In general, the time of reverberation at 128 cycles should be about 
25 to 50 per cent longer than it is at 512 cycles, and the reverberation time should remain 
approximately constant at frequencies above 512 cycles, increasing slightly for frequencies 
above 2048 cycles. 

COMBINED EFFECTS OF LOUDNESS AND REVERBERATION. Since the addi- 
tion of absorption to a room diminishes the loudness of speech as produced by the average 
speaker, it is reasonable to assume that there will be an optimal time of reverberation for 
speech rooms. This optimal time will be attained when a further reduction in the reverber- 
ation will concurrently reduce the loudness of speech to the extent that the impairment 
produced by the diminished loudness will just compensate for the improvement occasioned 
by the reduction of the reverberation. The curves shown in Fig. 8 were calculated by 
means of eq. (1), using the appropriate values of the loudness-reduction and reverberation- 
reduction factors. These curves give approximately the average percentage articulation 
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which will obtain in rooms of different sizes and different times of reverberation, for the 
average speaker, without artificial amplification. If an articulation of 75 per cent is re- 
garded as the minimal for satisfactory hearing (see also article 29), it is apparent that 
the average speaker will not be heard satisfactorily in an auditorium larger than about 
1,000,000 cu ft, no matter what condition of reverberation has been provided for the room. 
Also, in an auditorium having a volume of 100,000 cu ft the time of reverberation should 
not exceed 2.70 sec. The curves in Fig. 8 are based upon the assumption that the noise 
level has been reduced to 30 db, an unusually quiet room, and that k, = 1.0. The need 
for artificial amplification of speech in large rooms is apparent; amplification should be 
provided in all rooms larger than about 50,000 cu ft, and even in smaller rooms when 
considerable noise is present. 

The curves in Fig. 8 apply to the average speaker. Speakers with weak voices will not 
be heard so well, as is indicated by the curves, and speakers with loud voices will be 
heard better. 

In all the curves in Fig. 8 it will be seen that the articulation is a maximum for a particu- 
lar time of reverberation, and that this optimal time of reverberation increases with the 
size of the room, a fact which is well established by experience. Furthermore, the percent- 
agejarticulation in Fig. 8 is the average value; in general, the articulation diminishes pro- 
gressively with the increase of distance from the speaker. 


32. MUSIC ROOMS 


The reverberatory properties of a room are of even greater significance for music than 
they are for speech. The acoustical properties of a music room are no less important than 
those of the musical instrument to be played in that room; indeed, the room and instru- 
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ment together comprise a coupled system, and it is this combined system that the ear or 
microphone “‘hears.’’ The resonant frequencies of a room, considered in article 20, depend 
on the dimensions of the room; their intensities and their rates of growth and decay are 
largely influenced by the distribution of the absorptive and reflective materials over the 
boundaries of the room. 

A music room should be so dimensioned, shaped, and treated with absorptive and 
reflective materials as to support and enhance the rich quality of the individual tones and 
harmonies of music, and 
to join together these 
separate tones and har- 
monies so that they coa- 
lesce into a continuously 
flowing melody. The 
best music rooms, like 
the best violins, are those 
which are free from 
prominent resonances 
- and which have a rela- 
tively uniform steady- 
state response through- 
out the entire frequency 
range. Rooms in which 
the ratio of height, 
width, and length is 
approximately 2:4: 5, 
and in which furred-out 
wood paneling and wood 
flooring on wood joists Cu, Ft. 12,500 25,000 50,000 100,000 200,000 400,000 800,000 
comprise most of the Volume of Room 
interior boundaries, are Fie. 9. Optimal Reverberation Times for Speech and Music Rooms 
found to meet these 
conditions and usually are highly acclaimed by both performers and listeners. The use 
of non-parallel pairs of opposite walls, of polycylindrical diffusers of wood veneer, 
similar to those illustrated in Fig. 3, and of ‘‘patches’’ of absorptive materials 
distributed over walls and ceiling so as to give an ergodic diffusion of sound has given 
good results. 

The design of music rooms should always be guided by the principles of wave acoustics. 
However, the optimal reverberation characteristics can be best calculated by means of 
the approximate formulas of geo- 
metric acoustics, such as eq. (3) 
of article 19. 

The optimal reverberation 
time for music rooms depends 
not only on the size of the room 
but also on the type of music to 
be performed in the room. The 
ideal arrangement should pro- 
vide for adjustable reverberation 
so that the optimal reverberatory 
properties can be readily ob- 


Optimal Time of Reverberation 
% 


64 128 256 512 1024 2048 4096 tained for all musical perform- 
Frequency-Cycles per Second ances for which the room is de- 
signed. 


Fic. 10. Optimal Reverberation Times at Different Fre- ; . 
Puce: for Speech and for Music, When the Optimal The chart in Fig. 9 shows the 


Reverberation Time at 512 Cycles Is 1.3 Seconds. Similar optimal times of reverberation 
curves should be aed ass te cneunae time at 512 cycles £51 both speech rooms and music 
i ‘ rooms. This chart applies for 
a frequency of 512 cycles. As for speech, the reverberation time at 128 cycles should be 
approximately 25 to 50 per cent longer than the time for 512 cycles; the reverberation 
time should remain approximately constant for frequencies between 512 and 2048 cycles, 
and should increase slightly for frequencies above 2048 cycles (see Fig. 10). 
Experience has shown that the most satisfactory reverberation time for radio 
broadcasting or sound-recording studios is about two-thirds to three-fourths of the 
accepted time for speech or music rooms (see also Section 16, Sound-reproduction 


Systems). 
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33. PRACTICAL PROCEDURE FOR OBTAINING GOOD ACOUSTICS 
IN BUILDINGS 


The procedure for obtaining good acoustics in buildings begins with the selection of the 
site and ends with the furnishing, testing, and maintaining of the building. The necessary 
steps, approximately in chronological order, are as follows: 

1. Selection of a suitable site (sound studios, theaters, schools, churches, and hospitals, 
especially, should be located in quiet surroundings). 

2. Noise survey, at the proposed site, to determine the amount of insulation required to 
reduce the noise level in the building to a satisfactory point. 

3. Insulation against outside noise, which includes not only the selection of the proper 
sound-insulative and sound-absorptive constructions but also the proper arrangement of 
rooms, corridors, entrances, windows, landscaping, and other appurtenances of the building. 

4. Design of the shape of the room (shapes should be designed which not only will avoid 
such acoustical defects as echoes, interfering reflections, room flutter, and sound foci, but 
also will facilitate the most advantageous flow of diffuse sound energy to all auditors in the 
room, and at the same time will preserve or even enhance the natural beauty of speech and 
music). 

5. Control of the noise within the building, including solid-borne as well as air-borne noise 
and vibration. 

6. Selection and distribution of the absorptive and reflective materials to provide the optimal 
conditions for both steady-state and transient sounds throughout the room, a problem which 
deserves special study and careful planning, and one which involves, besides the acoustical 
characteristics of the materials, such properties as structural strength, decorative possi- 
bilities, adaptability to the surfaces available for, or requiring, absorptive treatment, 
maintenance, sanitation, ease of application, fire hazard, absorption of water, attraction 
for vermin, ‘‘fool-proofness,’’ durability, and cost. 

7. Supervision of the installation of acoustical materials (especially necessary for the 
application of acoustical plaster—in large buildings it is advisable to require the plastering 
contractor to prepare a small room for test and approval before the plaster is used in 
other parts of the building). 

8. Installation of high-quality amplifying equipment under the supervision of a competent 
engineer is necessary in all large auditoriums; even in rooms seating as few as 200 or 300 
persons it will be found that many speakers have weak voices that require amplification. 

9. Inspection of the finished building should include tests to determine whether the 
sound insulation, the sound absorption, and the other acoustical properties have been 
satisfactorily attained. 

10. Maintenance instructions, preferably in writing, should be left with the building man- 
ager, indicating (a) how the acoustical materials can or cannot be cleaned or redecorated, 
(b) which furnishings in the building are essential to good acoustics, and (c) how the 
humidity of large speech and music rooms should be maintained in order to avoid excessive 
absorption of high-pitched sounds. 

The foregoing steps, or their equivalent, if carefully executed, will lead to good acoustics. 
Developments in modern theories of room acoustics, supplemented by additional empirical 
data, will contribute to more reliable criteria than are now available for determining the 
best acoustical shape of a room and the most favorable distribution of absorptive and re- 
flective materials throughout the room; but if proper use is made of what is now known 
there need be no anxiety respecting the outcome in the acoustics of buildings—the out- 
come will be good. 
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ELECTROMECHANICAL-ACOUSTIC DEVICES 


EFFECTS OF THE ACOUSTIC MEDIUM 


By Hugh S. Knowles 


“An electroacoustic transducer is a transducer which is actuated by power from an 
electrical system and supplies power to an acoustic system, or vice versa.” (I.R.E. 
Standards.) 

The theory of operation of electroacoustic transducers is an extension of the theory of 
electromechanical transducers, in which account is taken of the reaction of the fluid, or 
acoustic medium, on the diaphragm. (See Section 5, article 33.) 


1. PHYSICAL PROPERTIES OF COMMON ACOUSTIC MEDIA 


The velocity of a sound of small (infinitesimal) wave amplitude depends on the elas- 
ticity and density of the fluid. The velocity of propagation, c, of a sound wave is 


c= NE = \ cm sec! (1) 
p p 


where k is the volume modulus of elasticity, p is the density in grams em™, y is the ratio 
of the specific heat at constant pressure to that at constant volume, and gp is the static 
pressure of the fluid. 

The characteristic impedance, zp (also sometimes called surge impedance or acoustic 
resistance), of the medium is 


zo = Vkp = pe mechanical ohms em~? (2) 


1. Air. The density, p, at 20 deg cent and p = 760 mm (= 10° dynes cm) is 0.001205 
gram cm~?; y = 1.41, giving 


c = 33,060 + 618 cmsec! (3) 
where 0 is the temperature in degrees centigrade. Also the radiation resistance of air is 
2 = 42.8 — 0.0798 = 41.2 mechanical ohms cm~ at 20 deg C (4) 
The pressure level, Zp, in decibels is 
Ly = 20 Logie = = 74 + 20 logip (5) 
0 


where p is the pressure and pp the reference pressure of 0.0002 dyne em~*. The intensity, J, 
in the direction of propagation, of a plane or spherical ‘‘free”’ (i.e., no reflections) sound 
wave is 

we 


Pc 


where 7 is the rms sound pressure in dynes em7~. 

2. Hydrogen. The density, p, of hydrogen at 0 deg cent and at 7) = 760 mm is approxi- 
mately 0.00009 gram em~*. The velocity ¢ = 1.26 X 10° em sec, from which z) = 11 
mechanical ohms em7~?, 

3. Water. The density, p, of water is = 1.0 gram cm~%. The value of c at 20 deg cent 
= 1.46 X 10° em sec™, from which z = 1.46 X 105 mechanical ohms em~?. 

REACTION OF ACOUSTIC MEDIUM ON A DIAPHRAGM. The audible frequency 
range of sounds covers roughly 10 octaves. Even the more important range from 80 to 
8000 cycles covers nearly 7 octaves, giving a wavelength range of roughly 428 em (14.1 ft) 
to 4.28 em (1.69 in.). Radiation, diffraction, and reflection phenomena which depend on 
the relative length of the sound wave and the linear dimensions of the radiator, or collector, 
therefore differ greatly in different portions of the wavelength range, and hence simplifying 
assumptions can ordinarily be made only over restricted frequency ranges. 
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it = 2.42 X 10°-°p? watt em? (6) 
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2. MECHANICAL IMPEDANCE TO MOTION OF SOME 
SIMPLE ACOUSTIC RADIATORS 


The impedance to motion of a diaphragm is altered by its contact with the acoustic 
medium or fluid. If the diaphragm has an effective area S and a mechanical impedance 
2m, its total effective mechanical impedance is zmy = zm + zy, where zy is the fluid im- 
pedance (see also Section 5, article 33). 

SOURCE RADIATING PLANE SOUND WAVES. The impedance per unit area in 
contact with the fluid is the characteristic impedance of the medium, and the total increase 
in mechanical impedance to motion of a radiator of effective area, S, resulting from contact 
with the fluid medium, is 


ft” Af ZS (7) 
or = 41.2 X S mechanical ohms in the case of air. At any frequency, the radiated acoustic 
power is : 

Py = Sry1077 (8) 


or 4.12 X 10-63? & watts in the case of air (8 is the velocity of the radiator element). 
PULSATING SPHERE RADIATING SPHERICAL SOUND WAVES INTO AN 

UNLIMITED ACOUSTIC MEDIUM. A pulsating sphere is one in which the surface 

vibrates or pulsates with small amplitude and uniform velocity in a radial direction. At 

any frequency the impedance per unit area in mechanical ohms is 

ad 31 k?R? ray pR 

~ POT + PR 7° 1 + PR 

where k = 27/X = w/e = 2rf/c, where 2 is the length of the emitted sound wave, and R 

is the radius of the sphere in centimeters. This leads to an equivalent circuit of parallel 

mass and resistance elements of values (for the whole surface) my = 4rpR* grams and 

ry = 4rR?pc mechanical ohms. 

' Graphical plots of ra’ and x4’ are given in Fig. 1. The imaginary or reactance term is 

in phase with the acceleration and is an inertia or mass reactance term. 


if ae 
pr , Tal eS 
2a’ = 7a’ +904 pe( 1 a aR) (9) 
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Fria. 1. Air Resistance and Reactance per Unit Area on One Side of a Pulsating Sphere of Radius 
R(r’4 and x’ 4) and on One Side of a Circular Piston of Radius R (74 and 24) in an Infinite Baffle 


The fluid increases the impedance to motion of the spherical surface or diaphragm by an 
amount zy = Sza’. At any frequency the radiated acoustic power is Py = 8’ry X 1077 watt. 

Special Case of a ‘‘Point’? Source (R = 0). When the length of the sound wave is 
large in comparison with the radius of the sphere (A > R# and k*R? <1), 


2 
zy = 4rpR! a + jw4arpR* mechanical ohms (10) 
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CIRCULAR RIGID DIAPHRAGM OR ‘‘PISTON”’ reciprocating or vibrating sinus- 
oidally in a (perfect-fitting) cylindrical hole, in an infinite plane wall or baffle, and radiating 
into an unlimited fluid (‘‘semi-infinite’ medium) on each side of the baffle, is another 
configuration of interest. (R is the radius in centimeters.) , 

The impedance per unit area is not constant over the surface in this case, but since the 
radiator is assumed rigid an average value may be taken. At any frequency the impedance 
in mechanical ohms cm~ is given by 24 = ra + jxa as plotted in Fig. 1. 

Since the imaginary term is in phase with the acceleration, it is a mass reactance term. 
The increase in mechanical impedance to motion of a piston, zf = rg + jue = S(r4 +924), 
which results from an air ‘load’? may be obtained directly from these curves by multiply- 
ing the ordinate for any value of kR by the area of the piston. When the fluid is air, piston 
radiators are usually operated with fluid on both sides of the baffle. Both sides of the 
piston must then be considered, in which case S = 27R?. The total apparent increase in 
mass of the piston is my = Sra/w. At any frequency, the radiated acoustic power is 
Py = &rz X 107 watt. 

Special Case of a ‘‘Point”? Source (R = 0). When the length of the sound wave is 
large in comparison with the radius of the piston, the impedance per unit area is 
_ pR a? x1 eS 
Es m 42 37 ene 
Reference to Fig. 1 will show that, for small values of kR, x4 >>ra, so that 24 = jra. 
That is, the increase in impedance to motion of the piston, which results from contact 
with the fluid, is largely reactive. At this low-frequency condition the radiation imped- 
ance of the piston may be represented by an equivalent circuit of parallel mass and resist- 
ance elements of values 8pR?/3 grams and (128/97”)aR?pc mechanical ohms respectively. 
The values are 0.00656d? grams and 301d? mechanical ohms, d being the piston diameter 
in inches. 

It has been found experimentally that when a conventional rigid conical diaphragm 
loudspeaker is used S is approximately the area of the ‘‘base,’’ or large end, of the cone; 
also, that the usual magnetic 
structure changes the radiation 
from the rear surface of the 
cone by a negligible amount at 
low frequencies. 

MULTIPLE PISTONS. 
When more than one piston 
radiates into a common region 
in the medium any one position 
experiences not only the force 
on its surface arising from its 
own vibration but additional 
forces due to the vibration of 
the other pistons. The result- 
ant force is the vector sum of 
the individual forces. The mag- 
nitude and phase of each force 
depend on the diameter, veloc- 
ity, and frequency of vibration 
of the piston giving rise to the 
force and upon its distance from 
the reference piston. The ratio 
of the resultant force on any 
piston, to its velocity, is the 
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(11) 


2A 


" 
Frequency, CPS for 12 Speaker (10" Piston) 
50 60 70 80 100 200 300 


400 


Ratio of Radiation Resistance 


Fie. 2. Ratio of Total Radiation Resistance of a Piston, Vibrat- 
ing in the Presence of Others, to the Radiation Resistance of a 
Single Piston. Curve 1, single piston. Curve 2, each of two 
tangent pistons. Curve 3, each of four tangent pistons in square 
array. Curve 4, each outer, and Curve 5, each inner, piston of 
four tangent pistons in a straight line. Curve 6, each of two pis- 
tons with centers three diameters apart. All pistons have equal 
velocities (both magnitude and phase) and equal diameters, and 
vibrate in an infinite plane bafHle. 


total fluid or radiation imped- 
ance and comprises the self- 
impedance due to its own vi- 
bration, discussed above, and 
the mutual impedances due to 
the vibration of the other pis- 
tons. From Fig. 2 it will be 
seen that the real part of the 


total impedance increases as the distance between the pistons decreases and their num- 
ber and hence total area increase. When the pistons are close together, vibrate with 
equal amplitude, and are separated by a small fraction of a wavelength, they approximate 
a single piston equal in area to the combined area of the individual pistons. It may also 
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be seen that as the separation and frequency are increased the phase of the force arising 
from the vibration of the other piston is retarded and may give rise to a component out of 
phase with the velocity of the reference piston which lowers the radiation or fluid resistance 
below the value the reference piston would have alone. This occurs in curve 6, Fig. 2, 
for values of wR/c greater than 0.5. 

ENCLOSED BACK PISTON. Same as preceding case but with small enclosure to 
suppress radiation from one side of a diaphragm, or to add stiffness to the vibrating 
system. 

The fluid impedance at the external surface corresponds to the preceding case (note 
that S = 7R?). 

If the dimensions of the enclosure are larger than the diameter of the piston the en- 
closure adds approximately the same effective mass per unit area, ma, as the unlimited 
fluid medium. Therefore, the effective area used in calculating the total effective fluid 
mass is S = 27rR?, that is, my = 27R?ma. 

If the length of the radiated sound wave is roughly four or more times the maximum 
linear dimension of the enclosure, uniform adiabatic compression of the fluid occurs. The 
enclosure then increases the stiffness (see Section 5, article 33) per unit area of the mechan- 
ical system by an amount 
ss pes 

Vo 


(Vo is the volume of the enclosure). The total increase in stiffness, sy, due to the fluid, 
is Ss. 

The enclosure does not approximate a constant stiffness when the length of the sound 
wave is less than four times the maximum linear dimension of the enclosure. 

If the purpose of the enclosure is to provide a “‘sink’”’ to absorb back side radiation, ab- 
sorbing material is usually placed in the enclosure. This increases the effective resistance 
of the vibrating system. The absorption coefficient of the material used is normally high 
enough at the high resonant frequencies of the enclosure to make the enclosure approxi- 
mate a semi-infinite medium. 


SA cm dyne! cm~? (12) 


3. HORNS 


“‘A horn is an acoustic transducer consisting of a tube of varying sectional area.” 

The proper use of a horn as the radiating portion of a loudspeaker leads to better control 
of the response, efficiency, and directional characteristics. In addition these character- 
istics may be controlled almost independently of one another. 

The total radiation response of a horn considered as an acoustical circuit element is 
determined largely by its throat impedance as a function of frequency. In all well- 
designed horns, transmission losses are 
minimized, so that the energy output is 
closely equal to the input. 

The rigorous calculation of the throat — Throat 
impedance is possible for but very few Diameter 
useful horn contours, and so approxi- d, 
mate methods are used. The low-fre- iy 
quency region is of greatest interest to 
the horn designer, as all horns have a ~~ 
high-frequency throat mechanical im- 
pedance which approaches a constant 
resistance that is the same (per unit 
area) for allhorns. Experiment reveals 
that the low-frequency wave fronts in 
the horn are smoothly curved surfaces Fic. 3. Low-frequency Wave Fronts in Long Straight 
(Fig. 3); by expressing this mathemati- Axis Horn of Circular Cross-section 
cally there results a pressure wave equa- 
tion in which the only space variable is the axial distance. For convenience, all horn- 
design work is usually referred to a straight axis horn of circular cross-section, as in Fig. 3. 

The question arises as to what types of horns have this kind of simplified behavior. 
Starting from the experimental data it is observed that the “‘chords” (the diameter, d, 
in Fig. 3) for the wave fronts are approximately proportional to the square root of the 
area of the wave front, provided that the expansion of the horn is not too rapid. If the 
sound pressure is assumed to decrease steadily as the horn expands, modified by the 
change of phase down the horn, this assumption may be expressed analytically and in- 
serted into the pressure wave equation together with the relation between d and the area 


Diameter @ 


Axial Distance © 
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of wave front. This leads to a relation between d and z, the axial distance, which when 


solved yields 
d = d,{cosh (x/2o) + T sinh (x/20)] (13) 


Here d; is the diameter at the throat; zo is a reference distance fixing the rate of taper of 
the horn, and is related to the cutoff fre- 
quency f: by fe = c/27zo; and T is a param- 
eter by which a particular] horn contour is 
selected. The names “‘catenoidal horns” 
and ‘“‘Salmon horns” have been suggested 
for this family, the latter after the person 
who first described their characteristics. 
The family is the most general one con- 
sistent with the simplifying assumptions 
made; for J’ = 1 there results the familiar 
exponential horn d = d; exp (x/zo), while 
for T = © there results, by a limiting 
2 eee ee ee 1. process, the conical horn. At T = 0, 
Fra. 4. Contours of Horns of Eq. (13) for 7 = 0, @ = dz cosh (x/z2), which may be termed 
1, 5, and « the cosh horn. Since this family includes 
the most widely used horn contours, it will 
be taken as a basis of discussion. Contours for 7 = 0, 1, 5, and © are shown in Fig. 4. 
The low-frequency throat impedance of all practical horns shows considerable variation 
with frequency due to reflections from the mouth. Hence it is common engineering 
practice to state as the throat imped- 
ance that for the infinite horn (outgoing 
wave only); in practice the actual im- 
pedance varies about the infinite horn 
value as a mean, or trend, which is ap- 
proached as reflections from the mouth 
are decreased. When the mechanical 
throat impedance is evaluated for the 
horns of eq. (13) there results 


Ze= Tt + Jat 
Jf -— Ge/f)74 + G(The/f) 


= Sipe | | ‘ 
(14) 


where S; is the throat area; pc is the 
characteristic impedance of the me- 
dium; the cutoff frequency fe = c/27xo, 
c being the velocity of a free sound 
wave. An examination of eq. (14) re- 
veals that r; is zero for f < f, (for the 
infinite horn), so that below f, the im- 
pedance is entirely reactive. Figure 5 
shows r:/S:pc and x;:/S:pc as functions 
OL F/fe tor <= OF0!5ler and pa eEhe 
equivalent circuit of the mechanical im- 
pedance of eq. (14) is as shown in 
Fig. 6; note that the parallel elements 
are simple; only m: varies with T, and 
only rz varies with f. 


2.0 


mM,= 


” Wf S, pc/amf,T 


(d) Throat Reactance 


r= 

— (fe?) 
S,pe/[1 (F)] 

Fig. 5. Throat Impedance of Infinite Horns of Eq. Frc. 6. Equivalent Circuit of Throat of 


(13). The fe in the abscissa is the cut-off frequency. Horns of Eq. (13). Negligible reflection from 
mouth. 


The selection of the optimum member of the above family of horns cannot be considered 
apart from the loudspeaker unit or other source out of which the horn is to work, as both 
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form a fairly tightly coupled system. The essential mechanical elements are shown in 
Fig. 7 for a moving-coil driving unit as discussed in article 6. 

The electrical system consists of a generator of constant emf, e, and total electrical 
impedance, 7, which is here assumed resistive and equal to the generator resistance proper 
plus the blocked resistance of the voice coil. The resulting force input to the circuit of 
Fig. 7 is thus Ble/r., which is fairly constant for horn loudspeakers. As seen from the me- 
chanical mesh, the electrical side also contributes a ‘‘source impedance” 7; = (6l)?/re which 
is as constant as the force. In 
these expressions 6 is the mag- B22 


netic flux density in the gap @ 
and J is the conductor length. VYY 20.007 
In the purely mechanical sys- My my, s 


tem m, is the mass of the loud- Force= 
speaker motor, and s; its stiff- Ble 
ness, which may include air y 
trapped back of the diaphragm. 


The stiffness of the air so, of 3 5 on j 
volume V, between diaphragm Bia... Angroxinpts Rquivalent Circuit of Typical Horn Loud 
and horn throat (the sound former formed by the areas Sg and S;. 
chamber), is equal to pc?S_?/V 
when referred to the diaphragm area Sg. Because Sq is usually different from S; the horn 
throat elements of Fig. 6 appear at the diaphragm multiplied by the fluid transformer 
impedance ratio (S¢/S;)?, which is controlled by the horn. 

The configuration of the circuit is that of a band-pass filter; however, this is not a satis- 
factory basis of design, as only a half section is present. In practice a flat response is not 
always the desired goal, and so the elements are chosen with a particular application in 


: it ye A 
mind. Usually the unloaded resonant frequency, fi; = o +) , of the motor is placed 
T 1 
1 a 
below the midband, while the other resonant frequency, fe = Be =)! ,is placed above. 


The bandwidth is fixed largely by s2/s1; thus the sound-chamber volume and hence the 
clearance to the diaphragm should be as small as possible for a wide band. The horn 
influences this by controlling mz through the parameter 7, permitting f2 to be properly 
placed, with a suitable s». 

The sound chamber, which may be regarded as a part of the horn just as a transformer 
is often associated with a loudspeaker, serves to reduce the effect of m; at high frequencies 
by the m, — se resonance. Simi- 
larly at low frequencies the m2— s1 
resonance, as influenced by the 
value of 7, may produce a rise in 
response. This reactance annul- 
ling permits good low-frequency 
response to be obtained by plac- 
ing the horn cutoff frequency, fe, 
below fi, the resonant frequency 
of the m, — s,; combination. 

The termination r2 is usually 
close to 7; to obtain approximate 
matching in the mid-response 
region, thus governing the maxi- 
mum efficiency. This involves 
the proper relation between horn- 
“104 2x 104 5x104 105 2x105 throat area and useful magnetic 

Sam in CPS x. Inches energy in the air gap. When 
r1 = 7’, variations in horn-throat 
impedance due to mouth reflec- 
tions have a minimum effect on 
the radiated power. These reflections are minimized also when the product of mouth 
diameter in inches and cutoff frequency in eps is greater than 4000; this product may be 
made as little as 2000 if r2 = 7. 

Since diaphragms are often called on to radiate energy at wavelengths for which destruc- 
tive interference may take place across the diaphragm, it is usual to remove the radiation 
by one or more annular slots so placed that phase effects are minimized. The annular 
passages may then be constricted in average diameter until the circular horn section is 
reached. 


Fig. 8. Approximate Relation between Effective Mouth Di- 
ameter and Frequency for Exponential Horn 
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The directional properties of a horn are largely determined by the mouth geometry, 
particularly the diameter and slope. As frequency is increased, there is reached a value 
at which the emergent sound is so directional that the wave does not “‘touch” the mouth 
portion at all. Thus the effective mouth diameter decreases as the frequency is raised, 
and in some designs the polar response pattern becomes almost independent of frequency. 
Data reported in the literature may be presented in the form of equivalent mouth diameter 
as a function of frequency. In Fig. 8 this is shown for one group of measurements on 
exponential horns; the curves are rough approximations and should be taken as indicating 
only the trends. The ratio (dem/dm) is that of equivalent and actual mouth diameters. 

In general, the steeper the mouth slope, the less directional the horn; but, if this generali- 
zation is carried too far, the violence done to the wave fronts appears as a rough response 
characteristic. The directional effect of horns is not too serious in practical applications, 
for often this property is useful in reducing acoustic feedback and improving the sound 
level in a desired localized region. When uniform radiation over a large solid angle is re- 
quired, multicell horns are commonly used. Often the shape of the horn may be altered 
so as to provide improved distribution, and this frequently results in a more uniform space- 
response variation. 


BIBLIOGRAPHY 


American Standard Z24.1-1942. (Terminology.) 

Ballantine, Stuart, J. Franklin Inst., Vol. 203, 85 (1927). (Bessel horns.) 

Crandall, I. B., Theory of Vibrating Systems and Sound, p. 85 ff. (Impedance of medium and of horns.) 

Hall, W. M., J.A.S.A., Vol. 3, 552 (1932). (Sound field in horns.) 

Hanna, C. R., and J. Slepian, Trans. A.I.E.E., Vol. 43, 393 (1924). (Horn loudspeakers.) 

Hoersch, V. A., Phys. Rev., Vol. 25, 218 and 225 (1925). (Transverse vibrations in horns.) 

International Critical Tables, Vol. 4, 453 (1929). (Constants.) 

I.R.E. Standards on Electroacoustics (1938). (Terminology.) 

Klapman, S. J., J.A.S.A., Vol. 11, 289 (1940). (Multiple pistons.) 

Lamb, H., Proc. Roy. Soc. London, Vol. 98, 205 (1920). (Fluid impedance.) 

McLachlan, N. W., Loudspeakers (1934). (Fluid impedance, general, and bibliography.) 

McLachlan, N. W., and S. Goldstein, J.A.S.A., Vol. 6, 275 (1935). (Finite pressure distortion horns.) 

Mason, W. P., B.S.T.J., Vol. 6, 258 (1927). (Horns and other acoustic elements.) 

Phelps, W. D., J.A.S.A., Vol. 12, 68 (1940). (Finite horn boundary impedance.) 

qth lel J. W.S., Theory of Sound, Vol. II, 164. (Fluid impedance.) 

Salmon, V., J.A.S.A., Vol. 17, 199 and 212 (1946). (Horns.) 

Stewart, G: W., and 1 Lindsay, R. B., Acoustics, p. 1382. (Horns and genera! 

Thuras, A. L., “ip. T. Jenkins, and H. T. 0’ Neil, B.S.T.J., Vol. 14, ee. ‘1935). (Finite pressure 
distortion horns. ) 

Van Urk, T., and R. Vermeulen, Philips Tech. Rev., Vol. 4, 213 (1939). (Radiation admittance.) 

Webster, A. G., Proc. Natl. Acad. Sci., Vol. 5, 275 (1919). (Horns.) 


LOUDSPEAKERS AND TELEPHONE RECEIVERS 


By Hugh S. Knowles 


A loudspeaker is an electroacoustic transducer actuated by energy from an electrical 
system and radiating energy into an acoustical system, the spectral composition of the 
energy in the two systems being substantially equivalent. Loudspeakers may be classified 
as to type of radiator or radiating system, type of motor, and reversibility. 


4. ACOUSTIC RADIATORS 


DIAPHRAGMS. The transformation of electrical into acoustical energy is usually 
accomplished by electrically actuating a surface or diaphragm in contact with air, or some 
other fluid, causing it to move and set the adjacent air particles in motion. (See, however, 
article 9.) When the resulting radiation is into a large solid angle the radiation resistance, 
or real part of the fluid impedance, is low when the length of the radiated wave substan- 
tially exceeds the diameter of the radiator. The diaphragm serves to couple the air, which 
has low impedance per unit area, to a motor having a relatively high mechanical impedance, 
when connected to its source of electrical energy, viewed from the diaphragm. 

The low radiation resistance is unfortunate both because of the problem of obtaining 
efficient energy transfer and because large diaphragm amplitudes are required to radiate 
appreciable power at low frequencies. Figure 1 shows the peak diaphragm amplitude, or 
half the total diaphragm displacement, required of several piston sizes to radiate 1 watt. 
One-tenth this amplitude is required to radiate 10 milliwatts. These curves cover the 
frequency range in which the radiation resistance is proportional to the square of the fre- 
quency and to the fourth power of the piston radius. 
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Most diaphragms are conical in shape and, if rigid, displace the same amount of air for 
the same amplitude as would a flat piston having a diameter equal to the diameter of the 
base of the cone. At low frequencies the base diameter of the cone is therefore taken 
as the equivalent piston diameter. 

The size of the usual conical diaphragm, frequently called a cone, is limited by the need 
for increasing its mass per unit area as the area is increased in order to maintain adequate 
stiffness. It is customary to make the diaphragm thickness vary almost directly with the 
diaphragm diameter. This largely offsets the improved resistance-reactance ratio of the 
fluid impedance. 

The conical diaphragm may be thought of as a conical transmission surface in which 
there are both radial and circumferential waves. At low frequencies only the radial wave 
need be considered. The flexible 
annular support or ‘‘surround”’ pro- 
vides a termination for the base or 
large diameter of the conical surface. 
The flexural phase velocity of the 
radial wave in the diaphragm and 
the impedance of the termination 
are such that the effective length is 
one-quarter wave at 600 to 1000 cps 
in large diaphragms (16-in. to 10-in. 
“pistons’”’) and at 1000 to 2000 cps 
in small diaphragms (8-in. to 2-in. 
“‘pistons’’). Below this frequency 
all parts of the cone move in phase 
although the amplitude is not sub- 
stantially uniform except at lower 
frequencies where the radial length 
is a small fraction of a wavelength. 
If the annular support behaves as a 
non-linear stiffness over the required 
amplitude range, as it frequently 
does, the diaphragm may flex in a 
complicated way even at low fre- 
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driving point impedance into which twice the value given. (If both sides radiate, divide by 


the motor is coupled. It also results V2.) 

in a broader high-frequency direc- 

tional pattern than would obtain if the diaphragm were a rigid piston. When maximum 
loudness is required, a diaphragm made of materials having low internal dissipation such 
as pressed or calendered paper and a low-resistance flexible annular termination is used. 
When a smoother response-frequency curve is desired with reduced transient distortion 
and the reduced loudness can be tolerated, a ‘‘soft’’ more blotterlike material with higher 
flexural resistance is employed, sometimes with a dissipative termination of leather, felt, 
cloth, or a dissipative elastomer. The modes of vibration of the diaphragm are also in- 
fluenced by cone angle, lumped masses and compliances (usually annular beads or corruga- 
tions), impregnants, etc. Because of the complex behavior of diaphragms most design 
work is largely empirical. 

To reduce the mass per unit area and yet obtain the benefit of a large radiating area 
multiple diaphragms are frequently used, If all the diaphragms vibrate in phase and with 
the same amplitude the average radiation impedance seen by the array will correspond 
to that of a single diaphragm of equal area. (See p. 5-66.) .By properly orienting the 
speakers the spatial radiation pattern, at high frequencies, may be improved. 

In addition to the common right circular cone shape two others are sometimes used. 
The conoidal or ‘‘curvilinear” is used when an increase in radiation above 5000 eps is 
wanted at the expense of the 2000-5000 cycle region. The elliptical shape is sometimes 
used when space requirements limit one dimension of the cone. Unfortunately the limited 
dimension is usually the vertical one, resulting in the major or long axis of the ellipse being 
mounted horizontally. Contrary to popular belief this leads to a narrow horizontal and 
wide vertical high-frequency directional pattern as predicted from theoretical considera- 
tions. In spite of the appeal of its shape the oval or elliptical diaphragm has had limited 
acceptance because it is more difficult to fabricate, its response is more difficult to adjust, 
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it has less radiation resistance in the middle-frequency range than a circular diaphragm 
of identical area, and its asymmetrical support leads to cone and moving-coil distortion 
which necessitate larger air-gap clearances for a comparable safety factor. 

Over the frequency range in which the fluid mass, my, is substantially constant most 
conical diaphragms behave as a rigid piston of mass mm. If the flexible centering members 
supporting each end of a conical diaphragm are linear (displacement proportional to force), 
their stiffnesses may be combined into an equivalent stiffness sm or equivalent com- 
pliance Cm. 

HORNS. The radiation from a horn may be considered as originating at the mouth, 
with the remainder of the horn serving to ‘‘match’” the mouth and throat terminating 
impedances. For this purpose it is important that the walls be relatively non-porous and 
non-vibratile. 

The theory has been developed on the basis of a straight axis horn of circular cross- 
section, with no reflections from the mouth. One common departure from these idealized 
conditions is in the shape of the axis. It may be bent, as in the low-frequency horns used 
in theater systems, or it may be folded, as in re-entrant public-address horns. The contour 
of the boundary at the changes in the direction of the axis must usually be selected em- 
pirically because of the complex manner in which the wave front executes the change in 
direction. The contour must also be selected so as to avoid exciting transverse modes of 
vibration of the air. This requires smoothly and symmetrically changing contours, and 
careful attention to the symmetry of the driving diaphragms with respect to the throat 
of the horn. 

In practice, the cross-sectional area may be circular, rectangular, or annular, the last 
two corresponding to the theater and public-address horns mentioned above. In these 
horns the lateral dimensions are chosen to retain the same area-axial distance relation as 
in the circular (reference) horn. 

The effect of mouth reflections may be minimized by proper attention to the horn 
driver unit (see article 3). Advantage may be taken of reflections to load the horn unit 
at frequencies near cutoff for which the radiation resistance is normally low. 


5. EFFICIENCY 


The total power dissipated by the mechanical system is 


T2319 


202" 


2 

Pag = Ptmp = P(rm + 14) = (rm + 77) (1) 
in which r,, and ry are the mechanical and fluid resistances, J is the current in the electric 
mesh and 22 is the total self-impedance of the mechanical system, and the electrical and 
mechanical meshes are numbered 1 and 2 respectively. (See Section 5, article 33 and 
eqs. [4a] to 5[b]. below.) 

Energy Efficiency. The ratio of acoustic power (or energy) output to electric power (or 
energy) input is called the energy or conversion efficiency and corresponds to the definition 
of efficiency commonly used for most transducers other than electroacoustic ones. This 
efficiency is 

zery 
To aatr Paeozetny @) 
where rmc is the blocked resistance of the system. 

System Efficiency. Because both the modulus and phase angle of the normal input 
impedance of the speaker vary with frequency, the speaker in general absorbs less power 
from the source than an ideal load or transducer would. Since this inability of the trans- 
ducer to absorb maximum power limits the useful power output of the source, it in effect 
reduces the “‘efficiency”’ of the transducer. 

To take this property into account, the ratio of the acoustic power output to the electric 
power input which the source would supply if connected to an ideal transducer is defined 
as the system or absolute efficiency. If the source is a vacuum tube or generator whose 
internal impedance is a pure resistance, rg, it supplies maximum power to a resistance of 
equal value, and the system efficiency is 


4rpazirry 
(211 + 2) ?222? 3) 


where 21 = 212"/22, the other quantities are as defined above, and the vertical lines indicate 
that the absolute value is to be taken. 
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6. MOVING-CONDUCTOR SPEAKERS 


“A magnetic speaker is a loud speaker in which the mechanical forces result from mag- 
netic reactions.” 

“A moving-conductor speaker is a magnetic speaker in which the mechanical forces result 
from magnetic reactions between the field of the moving conductor and the steady applied 
field. (This is sometimes called a dynamic speaker.)’’ This classification includes moving- 
coil or electrodynamic (sometimes called ‘“‘dynamic’”’) and ribbon or ‘‘band” speakers. 
Cross-sections of two typical mov- 
ing-coil speakers are shown in Fig. 2. 

The mechanical circuit may be 
considered a series circuit with the 
elements mms, Cmy, and Tmy, which 
include the fluid impedance. In gen- 
eral the circuit elements are func- 
tions of frequency. 

The actuating force on the con- 
ductor is 6li dynes, where 8 is the 
flux density in gausses, l/ the con- 
ductor length in centimeters, and 7 
the instantaneous current in ab- Bers aa eia (@) 
amperes” (amperes X 10). If the 
electrical circuit, including the mov- 
ing coil and generator, has a total 
series inductance L,, capacitance C., 
and resistance r-, and the generator 
an instantaneous open-circuit volt- 
age. e, the instantaneous ‘‘force”’ 
equations are 
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The further assumption is made in (b) 
these equations that 6 is a constant, ; ; 4 : 
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independent of s, that @ does not Fic. 2. Moving-coil Tomes ie irect radiator type 


alter the magnetic field, and that i 

there is negligible mutual impedance between the moving coil and the ‘“‘field”’ coil which 

provides the static field. If 6 is supplied by a permanent magnet, a constant flux source is 

approximated which is little altered by g. The performance of moving-coil speakers de- 

pends on @ and not on whether this is supplied by a permanent magnet or an electromagnet. 
If e = E sin wt, the steady-state solution of eqs. (4) is 


E = 28 + aul (5a) 
O = 2n8 — aol (5b) 


where ZH, J, and 8 are the rms steady-state voltage, current, and velocity, and z. = Bl is 
the force factor. ‘‘The force factor of an electroacoustic transducer is a measure of the 
coupling between its electrical and mechanical systems. It is the ratio of the open-circuit 
force or voltage in the secondary system to the current or velocity in the primary system.” 
Equations (5) give 

Heng 


I = 6a 
211229 + 212" (6a) 


Ea 
=. t 
21122 + a2" MZ 
DIRECT RADIATOR OR HORNLESS SPEAKER. These are the commonly used 
electrodynamic speakers which are designed to radiate as efficiently as possible into a solid 
angle of the order of 27(‘‘semi-infinite medium”). They are used in bafHles or cabinets 
when response at low frequencies is required but space limitations prevent the use of a 
horn or ‘‘directional baffle’ to improve the efficiency. The radiated sound energy is 
s’ry, where 8 is given in eq. (6b) and 7; is Sra, with ra from Fig. 1, p. 13-03, provided the 
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mounting approximates an infinite baffle at the frequency considered. In the low and 
low middle frequencies, the fluid resistance is proportional to the square of the frequency: 
Therefore, if 8277 is to be approximately constant, the velocity 8 must vary inversely with’ 
frequency. From eq. (6b) it may be seen that, when the applied frequency is appreciably 
higher than the resonant frequency of the mechanical system, 8 is largely a function of 22 
and 2». Since z12 is approximately a constant, and 222. = wmmy, § varies inversely with w 
particularly if zy» is small. The radiated acoustic power is therefore approximately in- 
dependent of frequency. In this frequency range the system efficiency, 7s, is approximately 


me ONOm ake 
ty = (7) 
(m/@) 
where a@ is the ratio of actual conductor volume to air-gap volume, V (product of gap 
length, mean perimeter, and coil winding length); 
BA Var 
= —— = gap energy (ergs) 
8a 
B is the average flux density in volume V (gauss); C is the conductivity of the conductor 
with respect to copper; ™ is the effective motor mass (voice coil, cone, fluid mass) (gram); 
and d is the effective piston diameter (inches). 

When the velocity of the diaphragm is largely limited by the mass reactance of the 
mechanical system and varies (roughly) inversely with frequency, the device is said to 
have “‘inertia control.’’ To obtain uniform response, the natural frequency is placed near 
the lowest frequency to be transmitted. In 12-in. speakers this resonant frequency is of 
the order of 75 eps. At very low frequencies, either the stiffness reactance or the mechan- 
ical resistance limits the velocity, and the response decreases even if the speaker is operated 
in an infinite baffle. In the middle frequency range, the normal impedance and, therefore, 
the force on the mechanical circuit are fairly constant. In general the damping is less 
than ‘“‘critical’’ or the value required to give the shortest transient response. See ‘“Tran- 
sient Response,’’ Section 5, articles 13 and 15. 

Figure 3 indicates the result of varying fl (or 22) on the pressure measured in the sound 
field. Since the speaker directivity is almost independent of frequency in this range, the 
ordinates are proportional to the total radiated acoustic power. These curves show that 
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Fic. 3. Variation in Acoustic Pressure with Flux Density, or Force Factor. (Measurements were 
made on the axis, 10 feet from a direct radiator moving conductor speaker.) 


speakers having large force factors or values of zy and high efficiency in the middle fre- 
quency range have relatively less response near the resonant frequency of the mechanical 
circuit. Increasing the flux density and force factor increases the energy efficiency but 
decreases the system efficiency near resonance. Because the maximum peak powers in 
speech and music (see Section 12, articles 10 and 11) occur in the middle frequency range, 
it is important that the speaker have high efficiency in this range, and the better speakers 
have high force factors, which also reduce the transient distortion of the speaker. 
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Direct radiator speakers normally reach their maximum efficiency in the low middle 
frequency range, except when the effective baffle size is large so that the resonant fre- 
quency is radiated effectively. In that case, if 2 is small the maximum system efficiency 
may occur at the frequency of mechanical resonance. The normal impedance is resistive, 
or largely so, in either case. (See Fig. 4.) 


20 40 60 80100 200 400 600 1000 2000 4000 10,000 
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Fig. 4. Blocked and Normal (Primed) Resistance and Reactance of Moving-coil Direct-radiator 
Speaker in Ohms 


The system efficiencies in the middle frequency range vary from roughly 1 to 20 per 
cent in commercial direct radiator speakers. The energy efficiency values are slightly 
higher in the middle frequency range and exceed 90 per cent at the mechanical resonant 
frequency in some designs. 

ENCLOSURES. Direct radiator speakers are often placed in enclosures to contain 
and control the radiation from the rear surface of the diaphragm. If the enclosure is 
complete, that is, has no vents, it is sometimes called a ‘‘total enclosure’ (see Enclosed 
Back Piston, article 1). The rear radiation may be put to use by permitting it to escape 
from the enclosure after first modifying it in phase and magnitude by a suitable acoustic 
network. When the vents, or ports, which radiate the energy from the rear of the di- 
aphragm are close to the front surface of the diaphragm, the mutual impedance is high. 
In this case the phase of the rear radiation is critical but gives rise to maximum radiation 
when it is properly controlled (see article 2). 

When the length of the radiated wave is large compared with the enclosure dimensions 
the acoustic parameters may be considered ‘‘lumped.”’ A single cavity enclosure with a 
port may then be considered to add a compliance corresponding to that seen by the 
diaphragm with the port blocked or covered, which is in series with the speaker compliance. 
The enclosure compliance is shunted by the effective mass and radiation resistance of the 
port. The latter values are those referred to the speaker diaphragm. The frequency of 
the two resulting low-frequency modes may be computed very approximately by neglect- 
ing the mutual reactance term arising from the coupling of the external radiating surfaces 
of the diaphragm and port through the mutual fluid impedance. The real part of this 
mutual impedance must, however, be included in any accurate calculation of the total 
radiated power. 

The vented enclosure may be used to maintain uniform radiation down to lower fre- 
quencies than those radiated effectively by a total enclosure of identical volume, or it 
may be used to provide a rise in the radiation near the cutoff frequency of the unvented 
enclosure. In practice it is common to provide a compromise between these two by so 
choosing the speaker and enclosure parameters that the resulting two modes of the simple 
structure described above occur approximately one-half octave- below and above the mode 
of the speaker and enclosure with blocked port. The augmented low-frequency radiation 
is obtained with substantially reduced non-linear distortion since most of the radiation is 
from the port, which need have no variable or non-linear parameters, and the diaphragm 
displacement is appreciably reduced. 

The rear of the diaphragm is sometimes coupled to a highly absorbent line approximately 
one-quarter wave long near the cutoff frequency of the acoustical system. The line ab- 
sorption should be low in the frequency interval in which the line is between three-quarters 
and one wave long and increase rapidly above the upper frequency of this interval to 
suppress radiation which would otherwise be out of phase with the front radiation. When 
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the line is one-quarter and three-quarter wave long it serves as an impedance inverter, 
thereby raising the impedance seen by the diaphragm and reducing its amplitude for a 


given total radiation. 
HORN-TYPE MOVING-COIL (OR CONDUCTOR) SPEAKERS. To increase the 


fluid resistance, ry, a horn may be used to couple the diaphragm to the acoustic medium. 
Because of their greater throat resistance at low frequencies for a given size, hyperbolic- 
exponential horns with 7 < 1 (see article 3) are normally used. 

In the case of horn units the normal (electrical) impedance can be made quite uniform 
(see Fig. 5) so that the force on the diaphragm is approximately constant if the source 
voltage and impedance are constant. 
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Fra. 5. Relative Scalar Normal Impedances of Typical Loud Speakers. (AII arbitrarily adjusted t 
have the same impedance at 400 cps. Reactance of a inductance and seers plotted for cone 
parison. 


The diaphragm is made to resonate an octave or two above the horn cutoff frequency. 
The stiffness reactance of the diaphragm assembly then reduces the effect of the mass 
reactance of the horn near its cutoff frequency. At high frequencies, the stiffness of the 
sound chamber may be made to reduce the effect of the mass reactance of the diaphragm. 
The fluid resistance is adjusted to the desired value by proper choice of the ratio (Sa/S;). 
These factors make possible the design of a horn having uniform response over an extended 
frequency range. 

At low frequencies, irregularities in response result from the variation in throat imped- 
ance of a horn of finite length. The resonant frequencies of the horn near its cutoff fre- 
quency also give rise to transient distortion. By using a horn unit having a large force 
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factor, and by proper choice of the other elements, the steady-state variation in response 
and the transient distortion may be made negligible. 

At high frequencies destructive interference occurs in the sound chamber since its dimen- 
sions are of the order of magnitude of the length of the sound wave. The horn throat is 
therefore sometimes so constructed that the difference in path length from different parts 
of the diaphragm to the throat isa minimum. The use of a phase equalizing plug for this 
purpose is shown in the horn unit of Fig. 2. At very high frequencies the diaphragm no 
longer behaves as a rigid piston, and this alters the response of the unit. 

The minimum compliance of the sound chamber is limited by its minimum volume, Vo. 
This volume must be adequate to provide ample mechanical clearance at low frequencies, 
where the diaphragm amplitude is a maximum, and to limit the distortion which results 
from ‘‘finite’’ sound pressures. 


7. MAGNETIC-ARMATURE SPEAKERS 


“A magnetic-armature speaker is a magnetic speaker whose operation involves the 
vibration of the ferromagnetic circuit. (This is sometimes called an electromagnetic 
speaker.)’’ Numerous magnetic-armature designs 
have been proposed. The principle of operation of 
this type of speaker is analogous to that of moving- 
conductor speakers, and equations for the latter 
apply to this type if the appropriate value of 212 is 
used. They differ principally in the fact that the 
conductor does not move, which permits the use of a Armature 
large conductor volume. In practice, high loudness tension 
efficiencies can be obtained in a limited frequency 
range with a magnet having moderate magnetomo- 
tive force. The efficiency at very high frequencies 
is normally poor because of losses in the armature. 
The very low-frequency response is limited by the 
stiffness required to give adequate armature sta- 
bility. The current displacement curve is linear 
over a very limited range and gives rise to appreci- 
able amplitude distortion. 

BALANCED-ARMATURE MAGNETIC 
SPEAKER. A cross-sectional view of a unit of this 
type is shown in Fig. 6. The speech current flows 
through the stationary coil which surrounds the 
armature. It increases the effective flux through two 
(diagonally located) gaps and decreases it in the 
other two gaps. The steady flux, ¢o, is increased = Fyg. 6, Balanced Armature Speaker 
and decreased by an amount ¢ = 47N1i/@ gausses, 
where WN is the number of turns on the coil, 7 is the current through the coil in abamperes, 
and @ is the effective reluctance of the alternating flux path. 

The total effective force on the armature, acting at the magnetic force center, is 
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where F is the rms force in dynes and A is the effective area in square centimeters at each 
gap and {p is the steady or undisturbed flux density. For small amplitudes the reluctance 
of the alternating flux path is approximately constant, since most of the reluctance is in 
the gap, and the reluctance of the permanent magnet path is large. 

The assumption is usually made that all the elements of the circuits and the force factor 
are constant. This is approximated only when the amplitude is small. When the arma- 
ture is in the undisturbed center position, it is in a state of unstable equilibrium. The 
application of a force results in a force tending to increase the displacement. This property 
is called negative stiffness or compliance. (See Section 5, article 30.) It here results from 
the fact that the torque on the armature is proportional to the square of the flux density. 
Therefore, it increases more rapidly at the tip that is approaching one magnet tip than 
it decreases at the tip that is receding from the other magnet tip. Since the force varies 
with the square of the flux density, and the density varies almost inversely with distance 
between the armature and magnet tip, the stiffness can be considered a constant only for 
small displacements. The positive value of C,, is, therefore, the difference between the 
positive diaphragm (and fluid, if any) compliance and the negative compliance. Stability 
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of the system requires that the rate of change of force with displacement be less than the 
coefficient of stiffness. The further assumption is made that the lever arm has infinite 
stiffness. In practice, resonances of this arm play a large part in modifying the mechanical 
impedance at high frequencies. 

The steady-state solution for this speaker is the same as that of eqs. (5) and (6). In 
this case zi. = 48.N/R; for the more exact theory 212 is considered complex. 

The principle of operation is analogous to that of the moving-conductor speaker. Equa- 
tions for the latter apply if the above value of zi. is substituted. A large conductor volume 
is normally used to increase the force factor. This makes the inductance of the electrical 
circuit much higher than in moving-coil speakers. For this reason, the normal impedance 
varies over wide limits. The normal impedance is proportional to frequency over much 
of the frequency range, as shown in Fig. 5. The rise in impedance.above the value pre- 
dicted on this basis at the high-frequency end, in this particular speaker, was due to 
electrical resonance. The speaker was of the high-impedance type, and the inductance 
and distributed capacitance resonated at the high-frequency end. This is normally the 
case in high-impedance speakers of this type, and its effect must be included in any com- 
plete performance analysis. 

BIPOLAR MAGNETIC-ARMATURE SPEAKER. This type of speaker consists of 
a steel diaphragm mounted near the two ends of a U magnet. The speech current flows 
through the stationary coils which surround the two pole pieces. If the current through 
the two coils, connected in series, is J sin wt, and the coils have WN turns, the alternating 
4rNI sin wt 


R 
R is the effective reluctance of the alternating flux path. 
The total effective force F acting at the nuagnetic force center is 


flux is ¢ = , where I is the maximum value of the current in abamperes, and 


Fe 2(d0 + o)? _ oe" 20NI sin wt a 2rN7I?2 9-2 NI? cos 2wt 9 
7 8rA 47A | RA RRA RA (9) 


The first term on the right is a constant force; the second is the useful component which is 
proportional to ¢o and to the signal current. The last two terms are distortion terms and 
are minimized by making ¢o > ¢. : 

The force factor z}32 = 289N/@. The more exact theory includes the case in which 22 
is complex. 2 

The principle of operation is analogous to that of the balanced-armature magnetic and 
moving-conductor speakers. The equations for these speakers apply to the bipolar 
magnetic armature if the value of 22 given above is used. 


8. CONDENSER SPEAKERS 


“A condenser speaker is a loud speaker in which the mechanical forces result from electro- 
static reactions.’’ Speakers of this type have a movable conducting electrode which serves 
as the diaphragm and is mounted close to a perforated fixed electrode or between two 
perforated fixed electrodes. 

TWO-ELECTRODE CONDENSER LOUDSPEAKER WITH MECHANICAL CIR- 
CUIT HAVING ONE DEGREE OF FREEDOM. One speaker of this type has a movable 
and a fixed electrode separated by a thin dielectric as shown in Fig. 7. The force of attrac- 
tion between the electrodes as the charge 
varies provides the actuating force for the 
movable electrode which is used as the 
diaphragm. 

The equations for a system of this type 
are developed in Section 5, article 32. The 
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Rukbar steady-state equations for a single sine-wave 
_Silk applied voltage are: 
Pierersee R h Punched Hol 
oug ed Hole: 3 
(Not Burred) , E = al + 28 (10a) 
Fie. 7. Condenser Speaker O = zl + 28 (10b) 
IQ jE 
where Z. = 57 eh = fae The force factor therefore varies directly with the polarizing 


voltage, Eo, and inversely with the frequency and no-signal separation of the electrodes, do. 
The minimum value of the separation is determined by the maximum low-frequency 
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amplitude, and it must be large in comparison with the amplitude if non-linear distortion 
is to be avoided. 
Ezy 


I = ——, 

Zz — a2 Cle) 
° — E22 
ore 21222 — 22" (t10) 


The radiated acoustic power is sry X 10-7 watt, where & is given by eq. (11b) and ry by 
article 2. The diaphragm does not move as a piston. Therefore, a generalized velocity 
based on the type of deformation here obtained must be used. 

Because the blocked impedance of the speaker is that of a capacitance, Co, the normal 
impedance varies inversely with frequency over much of the frequency range. Therefore, 
uniform response and high efficiency are difficult to obtain. The impedance of the vlec- 
trical circuit is sometimes altered to improve the response. 


9. PNEUMATIC SPEAKERS 


“A pneumatic speaker is a loudspeaker in which the acoustic output results from varia- 
tions of an air stream.’’ It is of the irreversible or relay type. The definition of efficiency 
for reversible speakers is not used in this case, since the efficiency, as defined for them, can 
exceed 100 per cent because no account is taken of the power used to compress the air. 
Any type of loudspeaker motor may be used to drive a very light balanced valve which 
modulates an air stream. 

These units permit the generation of large acoustic powers. The valve and valve parts 
give rise to spurious noises that are difficult to eliminate. When large acoustic outputs 
are generated, there is appreciable “‘finite’’ amplitude distortion in the types that have 
been made. 


10. TELEPHONE RECEIVERS (EARPHONES) 


Telephone receivers are so constructed that they operate directly into the ear cavity. 
The fluid impedance of the ear cavity varies appreciably from ear to ear, particularly at 
high frequencies. If there is no fluid leak between the ear ‘‘cap’’ of the receiver, which 
held in contact with the ear, and the ear, the fluid impedance is approximately that of a 
6-cm? cavity at frequencies in the middle and lower frequency ranges. At high frequencies, 
the ear cavity resonates and the fluid resistance of the cavity increases. If there is a fluid 
leak between the ear cap and ear, the fluid resistance of this leak must be considered at 
low frequencies where it tends to reduce the pressure in the cavity. 

It has been found that a good compromise design for most ears is one in which the dia- 
phragm displacement is independent of frequency. At low frequencies this gives constant 
pressure in the ear cavity if there is no fluid leak. Since the magnitude of the reactance 
of the ear impedance substantially exceeds the resistance below 1000 cps, the power sup- 
plied to the ear and the efficiency, as defined for other transducers, are not satisfactory 
performance criteria. The pressure squared, produced at the end of a non-dissipative 
cavity or ‘‘coupler,”’ per unit power available from an ideally terminated source, is a com- 
mon performance criterion. A 6-cc coupler is used for ear cap or external earphones and a 
2-cee coupler for insert receivers which are placed in the outer ear canal and thereby reduce 
the volume of the cavity between the receiver and the eardrum. 

MOVING-CONDUCTOR TELEPHONE RECEIVERS. Both moving-coil and ribbon 
telephone receivers are in use. The construction of one type of moving-coil receiver is 
similar to that of the microphone shown in Fig. 3, p. 13-24. The values of the circuit 
elements differ from those used in the microphone, in order to give as nearly as possible 
constant diaphragm amplitude at all frequencies with a constant-voltage source. 

“Tf the mechanical circuit consists only of the stiffness and resistance of the diaphragm, 
and the combined mass of the diaphragm and moving coil, its ‘‘force’’ equations are given 
by eqs. (6). The displacement s = s/jw, where s is given by eqs. (6). Since 22 is a con- 
stant, if 21 is made approximately constant, 2.2 must vary inversely with frequency for 
the diaphragm displacement to be independent of frequency. This requires that the 
diaphragm have stiffness reactance over the range of uniform response. This is obtained 
by placing the resonant frequency of the diaphragm near the maximum frequency to be 
transmitted. Under these conditions the normal impedance of the receiver is fairly uni- 

‘form below the frequencies near the resonant frequency of the diaphragm. ' The force 
is therefore nearly constant. The displacement of the diaphragm is.small, and hence the 
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efficiency of the receiver is poor when the resonant frequency and stiffness are high. It 
is also difficult in practice to obtain very high resonant frequencies. 

To improve the efficiency and yet maintain uniform response, additional mechanical 
circuits are sometimes coupled to the diaphragm. The resonant frequency of the dia- 
phragm itself is lowered, and the value of the mechanical elements is chosen to give uni- 
form diaphragm displacement. 

If the mechanical impedance is large in comparison with the ear cavity impedance, the 
latter may be neglected. In general, it may be neglected only for approximate calcula- 
tions. The impedance of the fluid between the diaphragm and the ear cap must also be 
considered in any complete analysis. 

MAGNETIC-ARMATURE TELEPHONE RECEIVER. The theory of operation 
corresponds to that of magnetic-armature loudspeakers given above. The first center 
moving mode of vibration of the magnetic diaphragm in the early type of telephone 
receiver occurs near 1000 eps. Near this frequency, the amplitude is large and the pressure 
in the ear cavity is large. Below this resonance region, the diaphragm has approximately 
constant stiffness or compliance, and the amplitude is fairly uniform. At frequencies 
above the resonant region, the displacement decreases and goes through a series of 
decreasing maxima at higher modes of vibration. In more recent types there is a thin 
film of air at the back of the diaphragm which is coupled to an auxiliary acoustical 
network. The parameters are chosen to give uniform pressure at the bottom of the test 
cavity or coupler up to 3000 eps in telephone hand sets and up to 4000 cps in some 
military types. 

PIEZOELECTRIC TELEPHONE RECEIVERS. The high frequency at which the 
fundamental mechanical resonant frequency of a small Rochelle salt erystal occurs permits 
its use as a motor or motor and diaphragm in a telephone receiver. The large variation 
in normal impedance with frequency makes the response more dependent on the source 
impedance than it is when the normal impedance is constant. 


11. PERFORMANCE AND TESTS 


One criterion of the excellence of a complete sound-transmission system is its ability 
to produce the same space-pressure-time pattern at the ears of the listener that would be 
experienced if he were immersed in the sound field in the region of the original sound. 
This can be achieved with substantially complete realism in a binaural system in which 
two transmission links couple two properly mounted pressure microphones to two broad- 
band telephone receivers placed on the ears of the listener. 

In practice there is a growing tendency to apply a second criterion, namely the ability 
of a system to provide reproduction which is judged to be pleasant by a jury selected on 
the basis of scientific sampling of the public or the ultimate listening group. This second 
criterion has grown in importance for a number of reasons. One is that most listeners 
prefer loudspeakers to headphones, thus introducing complex effects due to coupling the 
loudspeaker to the ears of the listener via the listening room. Probably the most important 
reason for choosing pleasantness as the criterion of excellence is that radio and phonograph 
systems have in large measure attained the stature of an art medium in their own right. 
This has led to extensive work on the design of new types of studios and the development 
of new pickup techniques, all intended to please the listener in his home. 

Though the complete test of a speaker is a complicated process, all the objective 
measurements have as their goal a satisfactory correlation between their results and those 
of properly conducted listening tests. Thus the ear becomes the final arbiter of the excel- 
lence of a sound system. 

For discussing the aural performance it is desirable to use terms descriptive of the 
frequency ranges and of certain characteristics of the reproduced sound. As a group these 
terms constitute the imagery by which sound systems are described. They relate princi- 
pally to two important frequency regions: 400 to 800 eps, which contains most of the energy 
of speech and music; and 2000 to 3000 cps, where the energy components contribute most 
strongly to the loudness. The first region is located in what most listeners classify as the 
low middles. A speaker with normal low middles is said to have ‘‘body,’’ while an excess 
is ‘‘muddy,” and a deficiency sounds ‘‘thin.’”’ When the second range, in the lower highs, 
is normal, reproduced sound is ‘‘crisp’’; an excess introduces “‘bite’”’ and is “‘brilliant’’; a 
deficiency reduces articulation and loudness and, if no extreme highs are present to provide 
“‘spit,’’ may yield a ‘“‘mellow”’ speaker. 

The whole range is conveniently divided into the very low frequencies, below 100 eps, 
lows from 100 to 250 eps, lower middle from 250 to 800 eps, upper middles from 800 to 
2000 eps, lower highs from 2000 to 4400 cps, middle highs from 4400 to 8000 eps, and 
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extreme highs above 8000 cps. The boundaries are quite arbitrary and will depend on 
the auditor, listening environment, and program material. 

OBJECTIVE PERFORMANCE CRITERIA. Loudspeaker performance is determined 
to a large extent by the response, efficiency, directivity, distortion, power capacity, and 
impedance. The relative importance of these and other less important performance 
criteria depends on the application involved. 

The response is that characteristic of the acoustic output, expressed as a function of 
frequency, to which a particular aural effect is closely proportional. The type of response 
will depend on the use to which the speaker is put. For speakers used outdoors or for very 
directional speakers the free space axial sound pressure level, as a function of frequency, 
is used and is called the sound pressure response. 

For use indoors the sound pressure level is determined by the total acoustic power 
radiated and by the shape, size, and acoustical impedance of the room and its contents. 
Thus the effect of the speaker alone is approximated by the total radiation, usually ascer- 
tained by integration of the sound pressure measured in free space at fixed radius vector 
and variable angle. The total radiation response is modified by the ‘‘room response”’ to 
produce the desired effect. on the ear, and it is often helpful to measure the rms average 
sound pressure in a room which is representative for the intended applications of the 
speaker. This mean pressure (corresponding to the mean energy density) response has 
good correlation with the aural effect when the measuring room is also that used for 
listening. 

In Fig. 8 are shown the sound pressure, total radiation, and mean energy density re- 
sponse curves for a direct radiator speaker in a finite baffle. The excess of high frequencies 
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Fig. 8. Three Types of Response-frequency Curves for a Direct Radiator Speaker in a Finite Baffle 
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in the pressure response is due to directionality, and the difference between the second 
and third is due to the ‘‘response”’ of the room. 

The system efficiency of speakers has been discussed in article 5. The loudness effi- 
ciency of two speakers is compared using a generator of constant emf and impedance, 
attenuation being inserted in the amplifier for the louder speaker. This judgment is 
usually the first of any listening test. It is becoming standard practice to test speakers 
with a source whose internal impedance is equal to its rated load impedance. The basis 
of stating the input to the speaker is conveniently the maximum power that may be taken 
from such a source, and it is called the power available to the speaker. 

The series of sound pressure-frequency response curves run at various azimuths depict 
the directional characteristics of the speaker. Another clue to the directivity is obtained 
by comparing the sound pressure and total radiation response curves (see Fig. 8). When 
the wavelength is long compared to the size of the radiator, the radiation is uniform, and 
the curves should coincide. The differences at higher frequencies then indicate the magni- 
tude of the directional effects. 

If the listener’s ear is relied on completely to select speakers having high loudness and 
(apparent) bass and treble response, there usually result speakers having large amounts of 
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non-linear, transient, and frequency response distortion. The need for quantitative tests 
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Steady-state Non-linear Distortion in Moving- 
coil Direct Radiator Speaker 


is indicated by Fig. 9, which shows 
the non-linear distortion in the sound 
pressure of a typical 12-in. speaker 
mounted in an 8 by 8 ft baffle. The 
speaker has an equivalent piston 
diameter of 10 in., a high force factor, 
and a voice coil 7/1¢ in. long moving 
in a gap with a 3/s-in. top plate. 

The curves are typical of commer- 
cial direct radiator speakers. Ap- 
proximately half the distortion at 
low frequencies is due to the non- 
linear force displacement curves of 
the diaphragms. The remainder is 
due to the non-linear average-flux- 
displacement curves of the driving 
mechanism. 

Since these curves are representa- 
tive of commercial practice they are 
of interest in indicating the amount 
cof distortion the untrained listener 
will tolerate. Speakers designed to 
give less distortion for a given cost 
will have less loudness efficiency, and 
less apparent bass response. 

Distortion curves of horns show 
distortion of the same order in the 
middle frequency range. About a 
third of an octave above the theoret- 
ical cutoff frequency, the distortion 
begins to rise, and below cutoff usu- 
ally considerably exceeds the distor- 
tion for direct radiator speakers. 
This distortion largely accounts for 
the horn’s sounding as if it radiated 
effectively below its cutoff frequency. 

For a more complete discussion of 
testing methods see the references in 
the bibliography marked “‘tests.”’ 

Another measure of distortion is 
the intermodulation of two signals 
of non-harmonic frequencies produc- 
ing inharmonic modulation products. 
Because the annoyance of this type 
of distortion is extremely high, much 
smaller amounts may be tolerated 
than with non-linear distortion. 
Though the technique is not yet 
standardized, a useful procedure is 
to fix a low-frequency signal at a 
large value while a variable high- 
frequency scanning signal of much 
smaller value is applied through a 
linear combining circuit. A plot of 
the sound pressure due to the scan- 
ning signal and that due to the 
modulation products affords a means 
of assessing the audibility of the 
modulation products. It is impor- 
tant that this be done as a continu- 
ous function of frequency in order 
not to miss regions of large distor- 
tion. This is shown in Fig. 10 for 
an experimental direct radiator 
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speaker with a 12-db difference between power available for low- and high-frequency 
signals. 

The power rating of a loudspeaker is intended to provide the user with a yardstick by 
which he may set operating conditions to insure trouble-free life at any input up to the 
maximum. While this rating may be limited by distortion, thermal overload, or mechan- 
ical overload, the latter two are usually controlling. Thus the power rating usually sets a 
limit above which mechanical failure may be expected to occur. In one method of specify- 
ing this power, a saturating signal of a variety of program material is supplied to an am- 
plifier of adjustable saturation power, used as the source. The rating power is that below 
which failure will not occur within, say, 100 hours for at least 90 per cent of a group of 
speakers. Thus the rating is essentially in terms of an amplifier whose output will be 
safely handled. In another method of rating, the amplifier has a much greater rating power 
than the speaker and is supplied a 
synthetic signal, such as noise, warble 
tone, or multitone. These have rea- 
sonably constant spectral composition 


and peak-to-rms ratio, and the power 
is increased until the 100-hour failure Seannin: 
point is reached. Though neither Signal 


method is yet standardized, it is 
nevertheless the intent of both to 
provide a realistic and useful value. 
A final important characteristic of 
a speaker is its impedance. Both 
modulus and angle usually exhibit 
considerable variation with frequency, 
and the problem is to connect this Modulation 
load to a resistive source of essentially Products 
constant impedance. When properly 
connected, the source is able to deliver 
to the load the maximum program 
energy consistent with distortion re- ET LEIS aK Te Tia ioGemnor 
quirements. In practice this ‘‘con- Frequency - CPS 
nection’”’ impedance is selected by the 
manufacturer on the basis ofhislisten- Bie 10, Modulation Froduats tor Baperimental 2 


ing tests and experience. It may be power input, 100 eps fixed, 16 watts; scanning signal, 1 
called the rating impedance of the watt. 

speaker, and it indicates the tap on 

the amplifier output to which the speaker should be connected. It is not necessarily the 
value at 400 eps, or the minimum in direct radiator speakers. Besides its use in deter- 
mining speaker connections, the rating impedance is often used as the generator resist- 


ance in speaker tests. 


Relative Pressure - DB 
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MICROPHONES 


By Hugh S. Knowles 


A microphone is an electroacoustic transducer actuated by energy from an acoustical 
system and delivering energy to an electrical system, the spectral composition of the energy 
in the two systems being substantially equivalent. They may be classified as to reversi- 
bility, type of generator, acoustical quantity to which the output is proportional, and type 
of directional characteristic. 

Reversible microphones are those that are also capable of converting electrical into 
acoustical energy, and they include moving-conductor (ribbon and moving-coil), variable- 
capacitance (condenser), variable-reluctance (moving-iron) and piezoelectric (crystal) 
generator types. The most important irreversible microphone is the carbon (variable- 
resistance) type. 

Reversible microphones may be treated analytically by the same equations used for 
the corresponding loudspeakers, provided that the emf in the electrical mesh is set equal 
to zero and a force is introduced into the mechanical mesh (see Loudspeakers, p. 13-11). 


12. FORCE ON THE MICROPHONE 


In practically all microphones the electrical output is proportional to the net force on 
the generating element; less common types are those directly sensitive to the particle 
velocity (hot-wire) and to the temperature (pyroelectric) of the sound wave. 

PRESSURE MICROPHONES. In pressure-responsive microphones the active sur- 
face is moved by a force which is the integral of the pressure over it. The pressure will 
deviate from that in the free wave owing to the effects of diffraction, cavity resonance, 
and mechanical impedance of the active surface. The last effect is usually small, and the 
others may be minimized or in some instances utilized by careful attention to the size 
and shape of the microphone. The microphone response may be stated in terms of the 
undisturbed pressure in the wave, or in terms of the pressure at the active surface; these 
are respectively the field and the pressure response. 

Diffraction effects are important when the maximum dimension of the microphone 
becomes much greater than a tenth wavelength. For frequencies well above this region 
the pressure will be doubled (6 db) over the undisturbed value unless the diaphragm im- 
pedance is very low. Since diffraction effects are also functions of angle, large pressure- 
sensitive microphones may be expected to be directional at the higher frequencies. Screens 
are sometimes used to modify the diffraction effects. 

When the active surface is recessed, the shallow cavity will exhibit a broad resonance 
which may be used to improve the high-frequency response. Though ‘‘gains” of the order 
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of 5 db may be attained, the sensitivity to angle again introduces directivity. If the force 
resulting from a wave of normal incidence is to vary less than 2 db from that at grazing 
incidence, then the active surface should be recessed no more than 0.1 its diameter. At 
the highest frequency to be reproduced the 

diameter should be less than a half wavelength. Gridded Cap Diaphragm 

In Fig. 1 is shown a miniature condenser micro- 
phone which approximates these conditions up 
to over 3 ke. 

PRESSURE-DIFFERENCE MICRO- 
PHONES. When two points in space are 
separated by a small fraction of a wavelength 
the difference in pressure at these points ap- 
proximates the product of the distance they 
are separated and the pressure gradient in the 
sound field. For this reason pressure-difference 
microphones are sometimes loosely called pres- 
sure-gradient microphones. (See also Ribbon 
Microphones, in article 13.) 

When both sides of the active surface are 
exposed to a sound wave, the net force on it 
depends on the difference between the forces on 
the two sides. Let the acoustic path length 
from one side to the other be ly. Then when a 
wave of undisturbed sound pressure amplitude, 
p, is incident on the microphone at an angle 9 Fria. 1. Miniature Condenser Microphone 
to the axis of symmetry, the magnitude of the 
net force, f, is, assuming no gradient along the active surface, and also assuming that the 
pressure difference may be replaced by the gradient, 
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Thus, up to frequencies for which the path difference J, is an appreciable fraction of a 
wavelength, the net force is proportional to that path difference and to the frequency. 
When the wave front is spherical, the pressure gradient exceeds its value for a plane wave 
by the factor [1 + (c/wr)?]#4, which is small for wr large. When the wave front is that 
due to a piston, the axial gradient contains terms dependent on the ratio of piston diameter 
to microphone distance. However, when this ratio is less than 0.5, the wave front is 
sufficiently spherical to permit the spherical wave correction factor to be used. 

FLUID IMPEDANCE. Studies of reciprocity laws indicate that the force of the 
wave is applied through a ‘‘generator impedance’”’ equal to that into which the active 
surface works when radiating the same wave fronts as those applied. See article 2 for 
results for some simple shapes. In general this added impedance is predominantly mass- 
like up to the high-frequency region. 


13. MOVING-CONDUCTOR MICROPHONES 


In this class electrical energy is generated by the motion of single or multiple conductors 
in a magnetic field, as exemplified by ribbon and moving-coil types. 

RIBBON MICROPHONES. The more important constructional details of a ribbon 
microphone are shown in Fig. 2. The moving ribbon element is both diaphragm and con- 
ductor; it may be 0.312 in. by 2 in. by 0.0002 in. and is corrugated to minimize spurious 
modes of vibration. As a low-frequency approximation, the effect of the fluid impedance 
is to add a mass of the order of magnitude of that of the ribbon; this added mass decreases 
at higher frequencies. The mechanical system is resonated at a frequency below the range 
to be reproduced, resulting in a mass-controlled device. 

In pressure-difference responsive ribbon microphones, both sides of the ribbon are ex- 
posed to the wave. Thus the net force at low frequencies is roughly proportional to the 
pressure gradient and hence to the velocity in a plane wave. For this reason the term 
velocity is sometimes applied to microphones of this type. However, it appears desirable 
to reserve the term velocity to describe devices such as the Rayleigh disk in which the 
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actuating force arises more directly from the particle velocity. Up to fairly high fre- 
quencies both the force and impedance (mass controlled) are proportional to frequency, 
leading to a constant ribbon velocity and hence constant generated emf. Control of the 
response beyond this point is achieved by adjusting the size and disposition of the pole 
pieces and other elements separating the two faces of the ribbon. 

If one side of a ribbon microphone is shielded from the wave by a damped enclosure, 
the device becomes pressure-responsive. With a sound pressure independent of frequency 
the output is independent of frequency if the enclosure adds sufficient resistance to make 

the effective impedance of the diaphragm substantially 
resistive. Such a pressure-responsive ribbon microphone 
is used principally with a pressure-difference responsive 
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MOVING-COIL MICROPHONE. When the moving conductor is a moving coil, 
there results a form similar to that of a moving-coil loudspeaker, as in Fig. 3. With the 
net force in the mid and high frequency ranges largely due to that on the outside of the 
diaphragm, the device is pressure-responsive in these ranges. In order to obtain uniform 
coil velocity and hence response the moving system is designed to have substantially 
uniform impedance. The diaphragm and coil assembly is resonated in the low-middle 
frequency range. 

Coupled circuits are used to maintain uniform response at the extreme frequencies. In 
Fig. 3 the circuit elements leading through the tube ¢ to the rear of the diaphragm are so 
chosen as to achieve an increasing force at low frequencies to offset the increasing stiffness 
reactance of the diaphragm. At high frequencies the stiffness reactance of the air film 
under the dome and the impedance of the tuned cavity in the pole tip modify the impedance 
of the diaphragm and coil assembly so as to maintain approximately uniform velocity. 
Thus it is possible to attain a fairly uniform response from 40 to 10,000 eps. 

It is possible to combine the output of adjacent pressure and pressure-difference micro- 
phones in such a manner that directional patterns are obtained which are members of the 
lima¢gon family of which the cardioid is a special case. Common types use moving-coil 
pressure and ribbon pressure-difference microphones connected through suitable phase 
and amplitude controlling networks. 


14. CONDENSER MICROPHONES 


Most variable-capacitance microphones are made pressure-responsive, with a mechan- 
ical system tuned above the desired range. A frequency-independent driving force acting 
upon this stiffness-controlled system results in a displacement independent of frequency. 
Since the output emf is closely proportional to the displacement, a flat pressure response 
is approached. 

To the mass of the diaphragm is added the radiation mass, and to its stiffness, that of 
the air film between diaphragm and rear electrode. See Fig. 1. The diaphragm is of a 
high-tensile-strength aluminum or stainless-steel alloy of the order of 0.00075 in. thick, 
and is tuned by stretching, the smaller diaphragms being tunable to higher frequencies. 
The resistance of the thin interelectrode air film materially reduces the magnitude of the 
high-frequency resonant peak. 

The small cavity and the high mechanical impedance of the condenser microphone 
make it particularly suitable for calibration by reciprocity methods. Two similar micro- 
phones whose comparative response is known are placed in a closed cylindrical volume of 
which each forms an end; the output of one is noted when:the other is electrically driven. 
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As with all reciprocity methods, its success depends on the presence of a definite and 
calculable acoustic element, which here is the compliance of the common volume, corrected 
for microphone mechanical impedance. With careful control of acoustic and electrical 
parameters, excellent reproducibility of results is attained. The upper frequency limit 
may be extended to 15,000 or more cps by the use of hydrogen in which the wavelength is 
increased by a factor of nearly 4. 

As reciprocity methods yield a pressure calibration, a correction for cavity resonance 
and diffraction is necessary. When the condenser microphone is used as a free field meas- 
urement standard, it is common practice to utilize these factors to extend the frequency 
range, with electrical equalizers added for smooth overall response. 


15. MAGNETIC-ARMATURE MICROPHONES 


A magnetic-armature microphone is a moving-iron (variable-reluctance) device which 
finds greatest application where ruggedness and high output are the main desiderata. An 
important use is in sound-power telephones (using no auxiliary source of power, such as 
batteries), which place a premium on maximum transmission of intelligence. This is 

. achieved by resonating the moving system at two or more frequencies in the 1-3 ke band 
in which maximum articulation is obtained for a given amount of energy. (For force 
factor and force equations see article 7, Magnetic-armature Speakers.) 


16. CRYSTAL MICROPHONES 


In this type use is made of the piezoelectric properties of Rochelle salt, ammonium 
dihydrogen phosphate, or more rarely tourmaline and quartz. The sensitivity may be 
expressed in terms of the charge released for a given displacement of the driving point; 
this depends but slightly on temperature. However, the dielectric constant of Rochelle 
salt and hence the capacitance and emf generated changes considerably with temperature. 
The effect of this capacitance change is minimized by operating the crystal in a high- 
impedance circuit, or less frequently by shunting it with a fixed capacitance. The max- 
imum operating temperature range is 40 to +130 deg fahr, and maximum output occurs 
at about 72 deg fahr. 

The maximum operating temperature range of ammonium dihydrogen phosphate is 
—40 to +185 deg fahr. While the emf generated is greater than for Rochelle salt, the 
smaller dielectric constant results in such small capacitances that the full output is difficult 
to realize. The high resistances necessitated by the small capacitances also give rise to 
electrical noise problems. 

Since the emf developed by crystals depends on the displacement, a stiffness-controlled 
system in which the displacement is substantially independent of frequency is used. When 
the microphone consists of a pair of composite plates 
arranged as in Fig. 4 to form a sound cell, the resonant 
frequency may range from 8 to over 40 ke. 

When a single composite plate is clamped at three 
corners and the fourth is driven by a small diaphragm, 
the output voltage increases some 15 db over the sound 
cell construction, but the resonant frequency is then re- 
duced to a few kilocycles. The main use of this type is 
for speech, in which case the output is allowed to rise 
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substantially at the fundamental resonant frequency of 3 or 4 ke. Auxiliary acoustic 
meshes are used to obtain smooth response with reduced sensitivity in broad-band types 
used for music. 
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A single transducer element crystal unidirectional microphone is shown in section in 
Fig. 5. When the slot is closed the microphone operates as a pressure type. (See Direc- 
tional Characteristics, below.) 


17. CARBON MICROPHONES 


The carbon microphone, the most important irreversible microphone, is a variable- 
resistance type involving loose carbon contacts. The sound wave actuates a diaphragm 
which exerts a varying pressure on a large number of fine carbon granules, thus modulating 
a bias current obtained from a d-c source. Usually the resistance and output voltage are 
approximately proportional to the displacement, and so a stiffness-controlled system is 
employed. Because of the difficulty of obtaining uniform response, the present uses of 
carbon microphones are restricted to applications in which high output and “‘crisp’’ speech 
quality are paramount, as in military equipment. Another factor militating against its 
use for high-fidelity applications is the low signal-to-noise ratio, due to the random varia- 
tion in contact resistance always present. 

The small allowable size of the carbon button has been used to advantage in a close 
talking pressure-difference microphone with marked noise-reducing properties. Designed 
to be worn directly in front of the mouth, the microphone is immersed in the large pressure 
gradient field of the talker, while the ambient noise has a much smaller gradient. Thus 
the signal-to-ambient-noise ratio is improved, permitting intelligible communications from 
such noisy locations as planes, tanks, and engine rooms. 


18. DIRECTIONAL CHARACTERISTICS 


It is often important to collect sound arriving from a desired region to the exclusion 
of randomly incident sound, as in sound-reinforcing systems. The ability of the micro- 
phone to accomplish this is determined by the dependence on angle and frequency of the 
field response. There are many measures of directionality, such as the ratio of output for 
sound from the desired direction to the output for sound of random incidence of the same 
total power, the ratio of the output for sound of random incidence in the front hemisphere 
to that of random incidence in the rear hemisphere, or the ratio of the outputs at the angles 
of maximum and minimum response. 

Most commonly used microphones may be classified as non-directional, bidirectional, 
and unidirectional. Since pressure is a scalar quantity, an ideal pressure microphone is 
non-directional. In practice complete freedom from directional effects is achieved only 
when the maximum transverse dimension is of the order of an eighth wavelength or less. 
Since most microphones are operated at frequencies up to 4000 or more cps, this require- 
ment necessitates a microphone a centimeter or less in diameter. To provide adequate 
sensitivity microphones are made larger than the non-directional requirements dictate 
and commonly have a diameter of 2 to 5 cm. In pressure-actuated microphones this 
results in a non-directional microphone at low frequencies and a unidirectional one at high 
frequencies. Screens are sometimes mounted near the diaphragm to alter the sound field 
and make the microphone less directional. 

The most common bidirectional microphone is the cosine pressure-difference or “‘gra- 
dient’’ type exemplified by the ribbon microphone discussed above. 

Most unidirectional microphones have a directional characteristic, which, if taken in a 
plane through the principal axis, is given by e, = én + e, cos @. If the microphone has 
separate non-directional (pressure) and bidirectional transducer elements, en and ep are 
their respective voltages and e, is their combined voltage. One type of unidirectional 
microphone is a pressure-difference type in which a single transducing element is used 
with a network to shift the phase of one of the pressures to alter the directional charac- 
teristic. In this type e, corresponds to the voltage with no force contribution from the 
rear network and e; to the voltage when the rear and front impedances are equal and the 
microphone is bidirectional. By adjusting the impedance of the rear network the relative 
values of e, and e, may be altered to give various directional characteristics. Single trans- 
ducer microphones of this type are commonly made with crystal or moving-coil generators. 


19. PERFORMANCE AND TESTS 


; The most important performance criteria are the field response (see Fig. 6), directivity, 
impedance, and inherent noise. Less important for general applications are the ‘“‘dynamic”’ 
range (the range from minimum pressure, limited by electrical noise, to maximum pressure 
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limited by non-linearity or by structural strength), the ratio of the responses for near and 
distance sources, termed the proximity index, and non-linear distortion. 

OBJECTIVE TESTS. The field response of a microphone is a measure of the elec- 
trical output, for a specified frequency, when immersed in a plane progressive wave. When 
the effect of the impedance is considered, an expression of the form 20 log E/p — 10 log R 
results, in which # is the open-circuit emf, in volts, generated by the microphone; p is the 
undisturbed sound pressure, in dynes/em?; and R is the stated impedance of the micro- 
phone. This relation takes into account the effect of impedance in permitting the use of 
step-up transformers. For crystal and condenser microphones, R is sometimes assigned a 
value corresponding to the maximum stated value of transformer secondary impedance 
used with low-impedance microphones, usually from 30,000 to 100,000 ohms. This value 
permits a fairer compari- 
son of all types in terms 
of the amount of amplifi- 
cation necessary, referred 
to an input grid. 

The directivity is usu- 
ally determined from field- 
-response curves taken at 
various angles of inci- 
dence, or from the field 
response as a function of 
angle with the spectral 
composition of the test 
signal held constant. 
Single-frequency, narrow- 
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phones should show Fie. 6. Axial Response-frequency Curves of Three Microphones 
greater than 10-db front- 

to-rear discrimination (15 db is a common value), while in the bidirectional (pressure- 
difference) type the front-to-side discrimination usually exceeds 20 db over a large fre- 
quency range. 

To minimize frequency discrimination and reduce electrostatic and electromagnetic 
induction in long microphone lines, broadcast-type microphones have impedances ranging 
from 35 to 250 ohms, with a trend toward 150 ohms. These microphones are usually 
operated into impedances ten or more times that of the microphone’s. This results in 
about a 3-db improvement in the signal-to-inherent-electrical-noise ratio over that ob- 
tained when the load resistance equals the modulus of the microphone impedance. 

The present technique of primary calibration is by means of the reciprocity technique 
mentioned under Condenser Microphones, article 14. This yields a pressure calibration, 
from which the field response may be derived by calculation or measurement (with scaled 
models) of diffraction and cavity resonance effects. A microphone thus calibrated may 
be used as a standard from which the response of other microphones may be obtained by 
comparison, in absolute terms. The source may be a sufficiently distant loudspeaker with 
very smooth response; or for special purposes an artificial voice is used to obtain field shape 
and diffraction effects approximating those of a person speaking. Although it is possible 
to obtain free-field reciprocity calibrations, much work remains to be done before the 
precision and stability of the pressure reciprocity method can be attained. 

SUBJECTIVE (AURAL) TESTS. As with loudspeakers, the final acceptability of a 
microphone depends on subjective tests. A live or artificial voice may be used as a source 
for two microphones being compared, the outputs being alternately connected to an audi- 
tion system. Such qualities as naturalness, smoothness, presence, articulation, the objec- 
tionability of intermodulation distortion, loudness efficiency, and transient distortion may 
best be compared by aural tests with a trained jury. 
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MAGNETIC RECORDING AND REPRODUCING 
OF SOUND 


By L. Vieth and H. A. Henning 


The earliest record of magnetic recording is credited to Poulsen, who in 1900 described 
his ‘‘Telegraphone.”’ Since that time, though much has been learned and vastly improved 
results have been obtained, extensive use of the method as a recording process of great 
potentialities was not achieved until the war years of 1941-1945. 

The magnetic recording method possesses certain unique advantages. The mechanism 
may be simple to operate and rugged. The record can be played immediately after record- 
ing and can be replayed practically any number of times. The recording may be erased 
and the medium reused as often as desired. 

Magnetic recording involves three fundamental operations or processes: (1) erasing; 
(2) recording; (3) reproduction or playback. Erasing is the process by which the magnetic 
recording medium is either neutralized or saturated to obliterate any signal previously 
recorded. In the early phases of development saturation by a strong d-c field was used. 
More recently neutralization of the medium by a high-frequency a-c field has been required 
in conjunction with modern methods of recording with an a-c bias. Recording is accom- 
plished by applying, through the recording head, the signal to be recorded superimposed 
on a biasing current. The bias current may be either direct or high-frequency alternating 
current. Considerations governing the choice of biasing and erasing methods are discussed 
in article 21. The bias current is necessary to obtain a faithful recording of the impressed 
signals. The medium, as it passes under the influence of the recording head, is magnetized 
in proportion to the variations of the signal current, and this magnetization remains until 
erased. Reproduction or playback is accomplished by passing the recorded medium over 
a magnetically sensitive head, usually at the same velocity as in recording. The voltages 
induced in the head are then amplified and equalized to obtain the desired frequency char- 
acteristic. All these processes may be accomplished with the same head at some sacrifice 
in performance. 


20. ERASING, RECORDING, AND REPRODUCING ARRANGEMENTS 


Physical arrangements by which the magnetic forces are applied to a magnetic medium 
(usually in the form of a tape or wire) have taken several forms. They may be divided 
into three broad classifications: (1) perpendicular magnetization, in which the direction 
of magnetization is normal to the surface of the medium; (2) modifications of (1), which 
alter perpendicularity somewhat; and (3) longitudinal magnetization in which the direction 
of magnetization is parallel with the direction of motion of the medium. Transverse mag- 
netization in which the direction of magnetization is parallel to the surface of the medium 
and normal to the direction of motion is a fourth possible classification which will not 
be considered here. Figure 1 illustrates schematically the three arrangements. Each 
consists essentially of cores of high-permeability material surrounded by one or more 
coils. Figure 1(a) shows the perpendicular application of magnetic force to a medium in 
the form of tape, moving between the poles, each consisting of one lamination in exact 
alignment. Each pole is surrounded by a coil. A concentration of recording flux is obtained 
by the small thickness of lamination in the direction of tape travel. 

Figure 1(6) illustrates a more efficient and practical modification of (a). Much thicker 
cores are used, which are in contact with opposite surfaces of the tape. Flux concentration 
is accomplished by offsetting the poles in the direction of travel by an amount almost 


ERASING, RECORDING, REPRODUCING PROCESSES 13-29 


equal to their thickness. A coil surrounds the advance pole. The tape is therefore mag- 
netized in a preponderantly perpendicular manner with a longitudinal component. Induc- 
tion at short wavelengths is most pronounced on the side of the tape in contact with the 
coil-bearing pole. Omission of the coil on the receding or following pole avoids a secondary 
concentration of recording flux as the tape leaves the influence of the recording head, thus 
avoiding modulation of the already recorded signal. The schemes illustrated in 1(a) and 
1(b) require that intimate contact must be maintained by pressure against both surfaces 
of the tape. Joints must therefore be carefully made, and the two surfaces must be uni- 
formly parallel to insure good contact at all times. Furthermore, these two schemes are 
of limited use on wire and are even less useful on non-magnetic tapes coated on one side 
with magnetic materials. Figure 1(c) shows an arrangement which applies magnetizing 
force longitudinally. Contact is made on only one side, and the principle is therefore 
conveniently applicable to all forms of recording media. A ring of permeable material 
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wound with a coil is provided with a small air gap at the point where it touches the record- 
ing medium. A portion of the flux in the air gap passes through the medium. The result- 
ing magnetization is substantially longitudinal. The concentration of flux is accomplished 
by the use of very small gaps ranging from 0.003 in. to less than 0.0003 in., depending on 
the medium. 

Although all the above arrangements may be used for erasing, recording, and reproduc- 
ing, it is expedient to alter their characteristics in the interests of one process or another. 
Separate heads are frequently provided for each process. In each case it is important 
that the magnetic action of the head in recording and reproducing be concentrated along a 
line perpendicular to the direction of motion. The greatest concentration of active flux 
lines is obtained for a given pole-piece arrangement when the tip reluctance of the record- 
ing or reproducing pole piece is low. Poles or cores are usually laminated to reduce the 
frequency discriminating effects of eddy currents. 


21. ERASING, RECORDING, AND REPRODUCING PROCESSES 


RECORDING SPEED. The various systems used for driving the magnetic media 
will not be discussed here. There are, at present, no standardized recording speeds, and 
in most applications the medium is moved past the recording and reproducing heads at 
the slowest speed that will insure the desired high-frequency response. In practice these 
speeds range from a few inches to several feet per second. In order to obtain a frequency 
range of 10,000 cycles it is modern practice to employ recording speeds between 1 1/2 and 
5 ft per sec, depending on the properties of the recording medium and the methods of 
recording. 

ERASING. The process used to obliterate a previously recorded signal on a magnetic 
medium is called erasing. In most applications the erasing operation is performed during 
the recording process by a head located somewhat in advance of the recording head. There 
are, however, instances in which it is more convenient to perform the erasure as an inde- 
pendent operation. 

A previous recording may be removed either by saturating the medium with a strong 
d-c field or by neutralizing the medium with an a-c field of diminishing intensity. In the 
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first process every portion of the medium entering the erasing head is carried to saturation 
or a degree of magnetization exceeding the strongest recorded signal. The erasing head 
may consist of a permanent magnet or an electromagnet supplied by direct current. In 
certain designs the configuration of leakage flux lines around the head can cause a second 
and reversed field to act on the medium as it leaves the head. Under such conditions the 
initial saturation is followed by a partial demagnetizing operation, and the ultimate state 
of the medium may be considerably less than fully saturated. As the optimum d-c record- 
ing bias is determined by the magnetic state of the erased medium it is apparent that the 
design of the erasing head influences the constants of the recording process. 

It is now common practice in high-quality magnetic recording to erase by a neutralizing 
or demagnetizing action. This is accomplished by subjecting each element of the medium 
to a cyclicly varying magnetic field whose maximum intensity between the poles of the 
head produces saturation. As the element moves away from the head it is subjected to a 
continuously diminishing cyclic magnetization which leaves the medium in a neutral state. 
A magnetizing force approximately three times the coercive force of the medium has been 
found to be satisfactory. A field intensity of 1500 oersteds may be required to demagnetize 
some of the modern high coercive force materials. 

Some use has been made of an air-core coil for erasure of the lower-coercive-force 
materials. The medium is drawn through the center of the coil, and a comparatively 
low-frequency erasing current is required. If erasing is accomplished with the recording 
head a higher-frequency 
current is used to provide 
the necessary number of 
reversals in the _ short 
time the medium is within 
the influence of the head. 

In certain instances a 
combination of d-c satu- 
ration followed by partial 
neutralization has been 
employed. In such cir- 
cumstances the recorded 
RECORDING FIELD, H signal is successfully 
erased but there remains 
a residual d-c component 
on the medium which is 
responsible for somewhat 
increased distortion. 

RECORDING. The 
process of recording con- 
sists of impressing on the 
moving magnetic me- 
dium a varying induction 
which is directly propor- 
Fie. 2. Magnetic History of an Element of Recording Medium. Sat- tional to the instantane- 

uration erase, d-c Bias. ous value of the recording 

; head current. The re- 

cording head is usually associated with an amplifier so designed that the recording cur- 

rents are independent of the impedance characteristic of the head. In most applications 

recording currents are small and very little power is required. In certain applications 

electronic amplification is not used and the recording current is obtained directly from a 
carbon microphone. 

The linear relationship between recording current and the resulting magnetization on the 
medium is obtained by the use of a superimposed biasing field, usually by superposing a 
biasing current on the recording current fed to the head. Without the bias the reproduced 
signals are weak and very distorted. The biasing field is adjusted to a magnitude that 
minimizes the distortion without introducing unnecessary background noise. The proper 
value is usually slightly less than that which will yield the strongest reproduced signal. 
Two biasing methods are available. It is now customary to use a high-frequency (super- 
sonic) biasing current, and the greatest dynamic recording range may be obtained by this 
method. In earlier applications a d-c biasing current was used; it is advantageous where 
extreme compactness and simplicity of equipment are essential. 

The magnetic processes involved during recording may be illustrated by hysteresis loops 
such as those of Figs. 2, 3, and 4. These curves represent Bi (or B-H) vs. H, or intrinsic 
induction vs. magnetizing force. They thus represent the fundamental characteristic of 
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the recording medium. Each element of the medium, as it passes the recording point, is 
subjected to a magnetizing field which is proportional to the algebraic sum of the instan- 
taneous recording current and the biasing current. The element is then withdrawn from 
the field. For long uni- 
formly magnetized sec- 
tions the resultant state 
of each element of the 
section would be repre- 
sented by a point on the 
Bi axis. The magnetic 
state of an element of a 
short magnet (because of 
self-demagnetization) is 
represented by a point on 
an appropriate demag- 
netization coefficient line. 
The demagnetization co- 
efficient line OA of Figs. 
_ 2,3, and 4 may be called 
the open circuit line, and 
it defines the state of the 
element when removed 
from the head. When- 
ever the element under 
consideration is within 
the playback head, the 
self-demagnetizing field 
is partially removed and Fia. 3. Magnetic History of an Element of Recording Medium. Neu- 
the magnetic state of an tralization erase, d-c bias. 
element moves along a 
reversible minor hysteresis curve which may be represented by a straight line such as Dd 
in Fig. 2 to a steeper demagnetization coefficient line OB. The slope of line OB, which 
may be called the closed circuit line, is determined primarily by the reluctance present at 
the contact point of medium and head and thus is substantially independent of the recorded 
wavelength. In longitudinal 
recording the slope of the 
open-circuit line OA is to 
some extent a function of the 
recorded wavelength, and 
thus the self-demagnetization 
is a function of frequency. 
The effect on the frequency 
response of this action may 
be at least partially offset by 
the use of high-coercive-force 
materials. 

Figure 2 illustrates the 
magnetic process of recording 
with a d-c bias on a medium 
that has previously been sat- 
uration erased. During the 
erasing process the saturating 
field brings the magnetic state 
of each element of the medium 
to a point Con the hysteresis 
curve. Assuming that the 
element leaves the erasing 
field without being subjected 
to a reverse magnetization, 
Fra. 4. Magnetic History of an Element of Recording Medium: the magnetic state of the ele- 

Neutralization erase, a-c bias. ment moves along the hys- 

teresis curve CC’D to point 

D on the open-circuit line OA. Subsequently, when in the recording head, the state of 
the element is represented by point d on closed-circuit line OB, and as the minor 
hysteresis curve Dd traversed during this process is substantially reversible any applied 
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recording field operating within this region leaves no change in impression on the 
medium. If after saturation a d-c bias is applied, the state of the element is brought to 
point HZ along the major loop, and this point is chosen to represent the midpoint of the 
available operating range. Variations in the recording field will then produce correspond- 
ing changes in magnetization. The combined action of the biasing field and the signal 
field then operates over a substantially straight section DHF of the hysteresis curve. When 
the element emerges from the recording head, its magnetic state returns along the minor 
loop to the open-circuit line OA and subsequently, when in the reproducing head, to the 
closed-circuit line OB along the same minor loop. Depending on the signal strength, the 
path of this action is along nearly straight, parallel, and reversible minor hysteresis curves 
lying between Dd and FO. Thus the flux induced during reproduction, for the state of 
magnetization corresponding to a point on the closed-circuit line OB lying between O and d, 
is practically linearly related to the applied recording field. 

In Fig. 2, the point F represents one of the limits of the recording field which may be 
applied to the medium without serious distortion. This is because minor hysteresis curves 
have greater curvature after crossing the Bi axis and a minor hysteresis curve such as Gh 
leaves the magnetic state of the element at g’ instead of the required point g. 

The operating range during recording at short wavelengths is also restricted wherever 
the slope of the open-circuit line OA is a function of the wavelength. This is illustrated 
in Fig. 2 by line OA’, which might be the slope of the open-circuit line in a medium longi- 
tudinally recorded at a short wavelength. The magnetic state of a saturated element is 
then represented by the point D’. The recording field is thus restricted to operation over 
the region between D’ and F. 

Figure 3 illustrates the magnetic process involved when a d-c bias is used with a com- 
pletely demagnetized medium. The recording bias alone serves to carry the magnetic 
state of the element along the normal magnetization curve ODEF to point EH. The record- 
ing signal operates about H, which is chosen as the midpoint of the linear part of the mag- 
netization curve. Upon leaving the recording head the magnetization of the element 
drops to line OA along one of substantially parallel hysteresis curves similar to and lying 
between Dd’ and Ff’. The process is thereafter similar to that described for saturation 
erase. If, at shorter wavelengths, the slope of the open-circuit demagnetization coefficient 
line OA is reduced to OA’, points d and f on the closed-circuit demagnetization coefficient 
line OB are proportionately reduced. This results in an attenuation of the recorded signal. 
It may be observed in Figs. 2 and 3 that the degree of magnetization of an element which 
has been biased but is otherwise unrecorded is substantially the same in either process, and 
also that the undistorted operating range is nearly identical. Because of these conditions 
the background noise and dynamic range in either process are substantially the same, and 
thus when operating with a d-c bias there is little advantage in providing extra equipment 
to demagnetize the medium. 

It is now customary to erase by demagnetization and employ a high-frequency (super- 
sonic) biasing current during recording. The action of the high-frequency bias has been 
variously explained. It is sufficient to say here that it serves the purpose of straightening 
out the bend in the normal magnetization curve around the origin. The resulting action 
is as shown in Fig. 4. The recording signal may then operate about the origin O and along 
the entire straight portion of the curve between D and F. The remainder of the process 
may be considered to be similar to that described for recording with a d-c bias on a demag- 
netized medium except that the recording range is doubled. This represents a doubling of 
the reproduced signal without an equivalent increase in background noise. 

There is an even greater increase in signal-to-noise ratio inasmuch as the elimination of 
the d-c biasing component of magnetization serves to reduce the observable background 
noise. The biasing frequency employed in this method of recording is customarily quite 
high and usually leaves no permanent impression on the magnetic medium. Wherever a 
biasing frequency is recorded, it is beyond the range of the playback equipment and is not 
reproduced. 

In common with all methods of sound recording, magnetic recording introduces a certain 
amount of distortion although modern magnetic recording systems are considerably im- 
proved in this respect. Distortion is introduced during the recording process from several 
sources. The most common source of distortion arises from the non-linear properties of 
the recording medium. It is apparent from Figs. 2 and 3 that there is an optimum value 
of d-c bias which will minimize curvature distortion. When using an a-c recording bias 
there is a minimum value which is sufficient to eliminate the curvature of the normal 
magnetization curve around the origin. Higher values than the necessary minimum may 
be used, but there is no advantage to be obtained. Distortion resulting from intermodula- 
tion between the bias frequency and the signal frequencies and their harmonics may be 
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kept outside the operating range by using a sufficiently high biasing frequency. When 
recording with an a-c bias, distortion is increased by the presence of a residual d-c magnet- 
ization which may be present either in the recording and reproducing heads or in the 
erased medium. 

A distortion may also be introduced by the recording head if the magnetizing field at 
the head is not sufficiently concentrated. At higher frequencies it is then possible for 
the recording signal to change while an element is within the influence of the head, and 
the element will retain an impression of the strongest magnetizing force to which it is 
subjected. The use of narrow recording gaps and modern high-permeability pole pieces 
has greatly reduced this type of distortion. 

REPRODUCTION. In the reproducing process the varying magnetization impressed 
on the medium during recording produces a corresponding flux in the reproducing head. A 
portion of this flux threads the coil, and its variation due to the motion of the medium 
induces the signal voltage. Signal voltages are normally quite low, and considerable 
amplification is required. 

The process by which the reproducing head picks up the signal flux is essentially similar 
for any of the heads of Fig. 1. The return path for all the signal flux in a magnetized 
element approaching the reproducing head is through the air. The magnetic state of such 

- an element is described in Figs. 2, 3, and 4 by a point on an open-circuit demagnetization 
coefficient line such as OA. As the element approaches the head some of the flux which 
leaves the medium passes to the head. In the case of the head of Fig. 1(a) a portion of 
this flux threads the coil. The percentage of flux which threads the coil increases very 
rapidly as the element comes directly under the thin lamination and decreases as rapidly 
thereafter. Thus the total flux threading the coil is contributed by the magnetized ele- 
ments under the thin lamination and those immediately adjacent. In the case of the 
offset pole pieces of Fig. 1(6) the major contribution to the flux threading the coil is made 
by the elements in the immediate region of the overlap point. Elements in contact with 
one pole tip and remote from the overlap point are either insufficiently coupled or, at short 
recorded wavelengths, are short-circuited by the pole tip and therefore do not contribute 
to the flux threading the coil. The ring-shape head of Fig. 1(c) operates in a somewhat 
similar manner. The head serves as a return path for flux leaving the surface of the 
longitudinally recorded medium. With the exception of flux from elements of the medium 
in the immediate vicinity of the air gap, the return path does not include the reproducing 
coil. Thus the flux which does thread the coil may be considered as being contributed by 
the elements in the immediate region of the air gap. 

When the recorded element is in position at the reproducing point its magnetic state is 
described in Figs. 2, 3, and 4 by a point on the closed-circuit demagnetization coefficient 
line OB. The slope of this line is determined by the total reluctance of the return path 
for the element in question, and this reluctance is affected by the amount of contact 
between the medium and pole pieces. The flux threading the coil is then equal to the prod- 
uct of the Bi intercept of the point on OB, the normal cross-sectional area of the contribut- 
ing elements, and an appropriate leakage factor. The contact reluctance of the narrow 
pole-tip structure of Fig. 1(a) is higher than that of the broad pole-tip structures of Figs. 
1(6) and 1(c). Therefore the slope of the closed-circuit demagnetization line OB will be 
less in the former case and the flux threading the coil for a given magnetization of the 
medium will also be less. 

The open-circuit signal voltage at the reproducing head is proportional to the rate of 
change of flux threading the coil. This factor in itself is responsible for a 6 db per octave 
rise in the signal characteristic. There are, however, several other factors that enter 
into the overall frequency response. (1) In both recording and reproduction the eddy- 
current characteristics of the head may introduce some attenuation at higher frequencies. 
(2) Following recording, the medium demagnetizes to a degree which is a function of the 
length of the recorded magnets. In longitudinal recording the resultant attenuation is an 
inverse function of the recorded wavelength. (3) In reproduction the response falls off 
when the dimension of the recorded wavelength becomes comparable to the active region 
of the reproducing head. Although the region in which a magnetized element of the 
medium may cause flux to thread the coil is not sharply defined, an effective dimension 
may usually be assigned, and this dimension has been called the “‘slit width’’ because of 
its similarity to the optical effect. In the ring-shape recording head experience has shown 
that the slit width is from 10 to 40 per cent greater than the air-gap length. (4) In certain 
reproducing heads, such as that of Fig. 1(b), the construction is such that the pole pieces 
are somewhat active over their entire dimension. Thus there is in effect a secondary slit 
width equivalent to the overall dimension of the poles which is responsible for irregularities 
in the response at longer wavelengths. 
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Liibeck has given, for ring-shape heads, a general expression for the open-circuit output 
voltage 


B= ONT. e-7/\ sin — (1) 
7 8 aN 


where H and IJ are, respectively, the open-circuit output voltage and input current, 
C =a constant for the particular system, N = number of turns in reproducing coil, 
» = linear speed of medium, s = effective ‘“‘slit width” of reproducing head, tr = a demag- 
netization constant for the medium, \ = v/f = wavelength of recorded signal, f = fre- 
quency, and w = 2zf. The (electric to magnetic) frequency characteristics of the record- 
ing and reproducing head have been neglected in this expression. 

Figure 5, curve (1), shows an illustrative frequency response characteristic. The factors 
determining the characteristic are independently plotted. It is seen that the function 
sin rs/\ which is the “‘slit width” characteristic plotted in curve (3) rises to a maximum 
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Fie. 5. Frequency Response of a Longitudinal Recording. Open-circuit playback voltage for constant 
recording current, 


when the recorded wavelength is twice the effective slit width. Thereafter it goes through 
a series of dips and peaks. In a practical head design where the working gap is very small, 
the second and succeeding peaks are not reproduced because they lie in the region where 
the demagnetization, curve (2), of the medium causes a high loss and they usually fall 
outside the frequency range of associated electrical circuits. 

At recording speeds in current use the slit width may be made sufficiently small so that 
sin 7s/\ can be replaced by the angle itself within the working frequency range. Under 
these conditions 


E=CNI 5 e-7/k = CNIwe-7/ (2) 


and it is seen that, except for demagnetization, the output voltage rises 6 db per octave 
and is not influenced by the recording or reproducing speed or the width of the effective 
slit. 

It is usually necessary to introduce an electrical equalization in the associated recording- 
reproducing circuits in order to obtain the desired overall frequency response. A major 
portion of the equalization is assigned to the reproducing circuits where it is limited only 
by the frequency spectrum of background noise. 

When due consideration is given to the overload characteristic of the recording medium 
and the energy distribution of the recording signal, some of the equalization may be 
introduced in the recording circuits. 

SOURCES OF NOISE. Background noise arises from a number of sources, many of 
which may be minimized in careful design. Among such sources may be listed amplifier 
hum, thermal noise, external noise pickup in the reproducing head, crosstalk transferred 
from a strong signal on adjacent turns of the medium when wound on the storage spool, 
mechanical irregularities on the surface of the recording medium which affect the degree 
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of contact with the reproducing head, variations in the magnetic properties of the medium, 
and variations in the cross-sectional area of the medium. The remaining, and basic, noise 
source appears to be caused by a random distribution of small magnetic inhomogeneities. 
Some measurements at the reproducing head of noise from this source have indicated a 
fairly uniform frequency distribution of noise voltage per cycle. In most cases, after 
equalization, this background noise has a smooth character and so is not particularly 
disturbing. Basic noise is a function of the degree of magnetization of the medium. It 
is very low for a medium which has been thoroughly erased by a-c demagnetization, but 
it may be increased to a considerable extent by the presence of the a-c biasing flux. The 
noise level may be considerably increased by the use of a reproducing head in which there 
is some remanent magnetization, and the use of a d-c bias increases the noise markedly. 
Wherever the noise is decidedly affected by the presence of recording bias, there is detect- 
able, back of the signal, a noise which rises and falls with the magnitude of the signal. A 
certain amount of such noise is not objectionable as it is partially masked by the signal. 
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PHYSICAL FORMS. Most of the early magnetic recording equipment employed a 
solid homogeneous steel wire or tape as the recording medium. Recent refinements in the 
art of electroplating magnetic alloys and developments in the use of magnetic-powder- 
coated paper and plastic materials have removed many of the restrictions on the form of 
the recording medium. Although there are some technical differences between the media, 
the choice of physical form in general is determined by the desired application. 

Magnetic wire is generally used wherever a very long playing time is required or a com- 
pact equipment is necessary. The wire diameter is limited only by the required breaking 
strength, and diameters between 0.004 in. and 0.006 in. are most common. Splicing is 
accomplished by tying a square knot which passes over a properly designed head without 
difficulty. A longitudinal recording head is usually employed, and the wire rides in a 
groove which is worn in the head. This method of recording is designed to distribute the 
recording signal about the circumference of the wire and serve as a protection against. 
variation of the reproduced signal as the wire twists. There is, however, a considerable 
variation in the strength of the recorded signal around the circumference of the wire, 
particularly at short wavelengths, and it is fortunate that smooth round wire does not 
evidence a random twisting when properly used. The chief disadvantage of the use of 
wire is the tendency to uncoil, snarl, and kink whenever a free end becomes loose. For 
this reason it is advisable to mount the wire in a magazine containing the supply and take 
up reels and remove the magazine as a unit wherever record storage is required. 

Magnetic tape, either solid or plated, is most useful for applications requiring a con- 
tinuous record-reproduce-erase cycle. In such applications the tape is prepared in the 
form of an endless belt which is spliced, at the junction point, with a butt weld. When- 
ever a more extended playing time is required the tape is reeled like motion-picture film. 
Recording equipment has been commercially produced, using 0.002 in. by 0.050 in. tape 
and the offset recording and reproducing pole pieces of Fig. 1(6) in which an extended 
frequency response and dynamic range are realized at a comparatively low operating 
speed. The solid magnetic recording materials, both tape and wire, have the common dis- 
advantage that accurate dimensional tolerances, smooth surface conditions, and uni- 
formity of heat treatment must be maintained on large quantities of a material that is 
inherently very difficult to fabricate. 

Coated paper and plastic recording media are applicable to all uses where requirements 
on playing time are not excessive and its low remanence can be tolerated. It has been 
used in the form of tape, sheets, and disks. The material is cheap to manufacture and 
may be cut and spliced by cementing. The material is usually 0.0015 to 0.0025 in. thick. 
In contrast to steel wire and tape, when a reel of the material is removed from a machine, 
there is little danger of freely uncoiling, a characteristic that is very desirable in the home 
recording field. When used with a properly designed ring-type recording-reproducing 
head a favorable frequency characteristic may be obtained with a comparatively low 
operating speed. Output levels are much lower than can be attained with solid wires and 
tapes, and care is required in shielding the reproducing head and in the design of reproduc- 
ing amplifiers. Although the inherent dynamic range of the coated media is quite large, 
thermal and hum noise levels in reproducing equipment may limit the practical dynamic 
range. 

Certain special applications of magnetic recording have employed magnetic media in 
the form of solid disks or cylinders. Most frequently the recording surface is electroplated 
on a non-ferrous backing material. 
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MAGNETIC MATERIALS. A carbon-steel recording medium was used in most of 
the early equipment because it is commercially available in the form of music wire. LG 
has very little value in present-day recording applications. The coercive force is low, 
approximately 40 oersteds, and thus self-demagnetization is very pronounced. The 
residual induction is approximately 10,000 gausses. Because of demagnetization the short- 
wavelength (high-frequency) response from a longitudinal recording is very limited. The 
material magnetizes easily from the recording on adjacent turns of the storage spool, and 
crosstalk is therefore high. The basic background noise is rather high and is increased 
by surface corrosion of the material. , 

Thirteen per cent chrome steel has been used to a considerable extent in both magnetic 
wire and tape recorders because of its resistance to corrosion. This is a ferritic material 
depending mostly on the presence of carbon for its magnetic properties. The chromium 
is, however, instrumental in obtaining the desired hardness. When properly quenched, 
the material has a coercive force of 50-60 oersteds and a residual induction of 7000- 
10,000 gausses. A frequency response and dynamic range superior to carbon steel 
may be obtained from the material. High operating speeds are required, however, when 
an extended frequency range is desired. To prevent formation of chromium oxides, which 
are very abrasive, the material is heat treated in an atmosphere free of oxygen. 

Nickel-chromium stainless steels such as 18 per cent chromium, 8 per cent nickel have 
been used in magnetic wire recorders. This is an austenitic steel which may be hardened 
by cold working. A somewhat more uniform product is obtained when the cold-worked 
material is then age hardened. After such treatment the coercive force is of the order 
of 150 to 350 oersteds with a possible maximum residual induction of 7000 gausses. 

Several other magnetic alloys possess properties which make them exceptionally satis- 
factory as magnetic recording media. One such material is known as Vicalloy, a workable 
permanent-magnet alloy which is heat treated to obtain the desired magnetic properties. 
A typical Vicalloy composition is 38 per cent iron, 52 per cent cobalt, and 10 per cent 
vanadium. Vicalloy recording tape has been commercially produced with a coercive force 
of 225 oersteds and a residual induction of 6000 gausses. 

One of the chief disadvantages of the solid magnetic recording media has been the 
dificulty of maintaining a uniform recording sensitivity and background-noise level 
throughout the entire length of the medium. Recently, an electroplated medium has been 
developed in order to correct this disadvantage and at the same time provide a cheaper 
recording material. The recording surface consists of a thin layer (approximately 0.0003 
in.) of a nickel-cobalt alloy plated on hard brass wire or tape. The magnetic and physical 
properties are controlled in the plating process, and subsequent working or heat treatment 
is not required. The coercive force is approximately 200 oersteds with a residual induction 
.of the order of 8000 gausses. A satisfactory frequency range may be obtained from this 
material at a comparatively low operating speed. 

The use of powdered magnetic materials applied to paper or plastic carriers has recently 

received considerable attention in this country. Such a recording medium is comparatively 
cheap to manufacture and may be produced with very uniform and stable properties. 
Various magnetic materials in powder form are being investigated for properties advan- 
tageous to magnetic recording. One such material, black magnetic iron oxide, is com- 
mercially available in the required finely divided form. The powdered material is nor- 
mally dispersed in a plasticized lacquer and applied to the carrier to a thickness of approxi- 
mately 0.0005 in. When the powdered magnetic material is very finely divided and uni- 
formly dispersed in the binder very excellent results have been obtained both in frequency 
response and background noise. Coercive forces ranging between 100 and 500 oersteds 
have been measured. The residual induction is very low, and of the order of a few hundred 
gausses. Demagnetization of signals of short wavelengths appears to be less pronounced 
in the powdered materials than in solid materials of equal coercive force. Output levels 
are very low, and, unless a very wide sound track is used, unusual precautions are required 
in the design of reproducing equipment which will take full advantage of the inherent 
dynamic range of the medium. 
; In Germany considerable work has been done on tape in which the magnetic medium 
is ferric and ferrous oxide in individual particles about 1 micron in size. This material is 
manufactured from | precipitated finely divided black magnetic iron oxide by further 
oxidization in an agitated drier. The red ferric oxide has the crystal structure of the mag- 
netic oxide and is also magnetic. Several types of recording tape have been manufactured 
in which the magnetic oxides are either cast on the surface of a plastic carrier such as 
cellulose acetate or polyvinyl chloride or are dispersed throughout a tape of polyvinyl 
chloride in a 50-50 mixture. It is reported that a frequency response uniform to within 
+2 db from 50 to 10,000 eps is obtained at a tape speed of 30 in. per sec, the overall noise 
level is yery low, and the useful life of the recorded tape exceptionally high. 
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MECHANICAL RECORDING 
AND REPRODUCING OF SOUND 


By L. Vieth and H. A. Henning 


The requirements for high-fidelity recording and reproduction of sound are (a) that the 
whole system, from the point where the sound reaches the pickup device to the point where 
it is actually reproduced as sound, shall have a linear relationship between its input and 
its output, (6) that the system have a uniform response versus frequency characteristic, 
since any complex wave may be resolved into the sum of simple sinusoidal terms, and (c) 
that the system have a linear relationship between its phase shift and the frequency im- 
pressed upon it and that the phase angle have a value of +n at zero frequency where 
n = 0,1, 2,3, etc. The requirements of individual components may vary from the require- 
ments of uniform response versus frequency characteristic (6), but in general the re- 
quirements for the system apply to its components. 

Most sound recording and reproducing systems and components represent a compromise 
between the requirements for high-quality reproduction and the commercial requirements 
of size, cost, and general adaptability for a specific use. These compromises have resulted 
in a wide range of overall performances. Space limitations prohibit discussion of more 
than a few of the typical instruments in commercial use in the mechanical recording and 
reproducing of sound. 


23. RECORDING INSTRUMENTS 


Mechanical recording is used almost exclusively in the present-day phonograph industry, 
in electrical transcriptions for broadcast purposes, and in stenographic applications 
(dictation machines) and general utility recorders. Most mechanical recording is done on 
disks varying in diameter from 6 in. for general utility equipment to 16 in. in broadcast 
transcriptions. There are, in addition, several commercial devices in which the recording 
medium takes the form of standard motion-picture film base. The materials of which 
these media are made are discussed elsewhere. They may be grouped, in general, into two 
classes: (a) materials for recording for instantaneous playback; (b) materials for recording 
for subsequent processing. However, the function of the recording instrument is the same 
in all: to transfer to the recording medium, in the form of embossed or engraved modula= 
tions, a counterpart of the voltage impressed on the recorder modified in frequency char- 
acteristic in conformance with some preconceived plan of equalization which affords the 
optimum use of the recording equipment. 

A typical recording instrument used in this work is illustrated by Fig. 1, which shows a 
phantom view of a lateral-type recorder (one in which the stylus moves laterally parallel 
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Fie. 1. Electromechanical Type Recorder 
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Fia. 2. Equivalent Circuits of Electromechanical Recorder Shown in Fig. 1 
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to the radius of the disk) designed by Bell Telephone Laboratories some years ago. The 
same general structure has been used in vertical-type recorders (one in which the stylus 
moves normal to the face of the disk). The structure is a mechanical filter whose electrical 
equivalent is shown in Fig. 2, in which the current in the second mesh is analogous to the 


DRIVING coi, 


Fie. 4. Cross-sectional View of Vibrating System and Associated Magnetic Circuit of Western Electric 
Co. 1A Feedback Recorder 


stylus velocity. Figure 3 shows a typical response versus frequency characteristic of such a 
recorder. The loss at the lower frequencies is part of a preconceived equalization plan 
which makes the best use of the recording medium by limiting amplitudes in the interest 
of record space economy. 

The vibratory system of a more modern version of recording instrument is shown in 
Fig. 4. This device, also designed at Bell Telephone Laboratories, utilizes the principle 
of stabilized feedback to control the stylus velocity and involves an associated amplifier 
in which the recorder becomes an actual transmission element as well as a terminal trans- 
ducer. Schematically, the device associated 
with an appropriate amplifier may be repre- 
sented as shown in Fig. 5. The output volt- 
age EH» of the amplifier is supplied to the driv- 
ing coil of the recorder, thereby driving the ¢ 
stylus with a velocity V. Motion of the ‘ 
stylus in turn generates in a suitable generat- 1! 
ing element, such as a small coil moving in a: : 


* E 'FEED- | 
magnetic field, the voltage E3. This voltage b&-------- 4 Cour woe ee d 
is returned to the amplifier input through a by Ret ee. 3 
control circuit which may be either passive y¢, 5, Schematic Representation of an Elec- 
or active. The voltage available after modi- tromechanical Feedback System 


fication in the control circuit is designated E4. 
The voltages and velocities here referred to are to be considered as having both magnitude 
and phase and hence can be represented in complex number notation. Then 

E=HE+ Eh, (1) 


To obtain a simple expression for the relation of the stylus velocity V to the signal 
voltage E, let 
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The product AB thus defines the transmission around the loop formed by the amplifier, 
recorder, and feedback control. The value of Z4 from this equation can now be substituted 
in the relation Z,; = H + EH, to obtain 


i 
Ek, =E 


1 — AB ) 


which, together with eq. (2), gives 


V=HA=EH a 


as 6 
1— AB (6) 
The right-hand side of eq. (6) is the familiar expression for feedback amplifiers in gen- 


eral, and the rules for stability, gain, distortion, etc., are equally applicable. In particular, 
when AB is very large compared to unity 


V=—58 (| AB|>D (7) 
which indicates that over the frequency range considered the velocity of the stylus is 
independent of the amplifier gain or the efficiency of the recorder. Variations in B, 
however, directly affect the performance, and hence, if a flat frequency response is desired, 
B must remain constant. However, since B is the product of the mechanical-electrical 
conversion factor £3/V and the control factor E4/H3, it will be seen that these factors may 
vary as long as their product remains constant. It is a simple matter to maintain the 
factor #3/V constant, and hence a flat response characteristic depends only upon keeping 
the control factor constant. 

If eq. (6) is rewritten to include noise and distortion products as well as signal, it becomes 
A n d 
= == 
ue Eee ai AB CAB (8) 
where n and d are the noise and distortion, respectively, introduced in the amplifier and 
recorder without feedback. Hence, when AB is large compared to unity, both the noise 
and the distortion components are reduced as compared with the corresponding effects 


An in a non-feedback system. 
Variations in the im- 
pedance of the recording 
A- (i 
WITHOUT |/ \ 
FEEDBACK | \ 
7 AY 
Ns 
XX 


medium which act upon 
7 
A 
N. 
/Y B-WITH FEEDBACK 


dh 
o 


RESPONSE IN DECIBELS 
ind 
° 


A frequency response 
characteristic with and 
without feedback on a 


the stylus during cutting 


may be regarded as noise 
or distortion introduced 
in the recorder, and their 
effect upon the vibra- 
tional velocity is also re- 
duced by the above factor. 
This is equivalent to a 
manifold increase in the 

driving-point impedance. 

0 40 60 100 200 400 1000 2000 4000 10,000 20,0 . 

: FREQUENCY IN CYCLES PER SECOND X sa Bb eer era nae ee 
Fie. 6. Curves Showing the Stylus Velocity for a Constant Signal In- The flat f eames 
put to the Recorder Amplifier System. (A) Without feedback; (B) requency, Tes 

with properly controlled feedback. sponse characteristic 
ws an : shown is, of course, of 
limited use in disk recording since the large amplitudes at low frequencies are prohibitive. 
However, since the overall characteristic of the device is flat, pre-equalization can be 
accomplished flexibly and simply by electrical networks. 


24. RECORDING AND REPRODUCING MEDIA 


Two broad classifications may be made of mechanical recording media: (a) the ‘‘wax” 
disk intended primarily for subsequent processing and duplication, and (b) the instantan- 
eous media, disk or otherwise, intended mainly for reproduction directly from the embossed 
or engraved master. The latter are occasionally used for subsequent processing and dupli- 


gation. “Wax” cylinders are used to some extent in dictating machines as direct playback 
media. 
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RECORDING DISKS FOR PROCESSING AND DUPLICATION. The shape of the 
recording stylus varies somewhat in commercial practice in the cutting of disks for subse- 
quent processing and duplication. In general the cross-section and particularly the curva- 
ture of the unmodulated groove are kept within fairly narrow limits. The stylus used on 
Western Electric recorders has a tip radius of 0.0021 in. +0.0001 in. Its contour is illus- 
trated in Fig. 7. The disposition of grooves and land between grooves is a matter of 
compromise between playing time and signal-to-noise ratio and other factors. For lateral 
recording the groove pitch is usually between 0.007 and 0.010 in. as illustrated by Fig. 7. 
The maximum safe amplitude at any point on the groove will depend upon the amplitude 
and phase of the sound recorded on the adjacent grooves. For a groove situated between 
two unmodulated grooves, the maximum amplitude for the condition pictured in Fig. 7 
will be nearly 0.004 in. The maximum amplitude for two adjacent grooves of equal ampli- 
tude and 180° out of phase with each other will be slightly less than 0.002 in. The space 
between grooves may be compressed, in vertically cut recordings, to increase the playing 
time of a record with less sacrifice 
in recording level than for lateral | 
recording. ' 

In cutting, the ‘‘wax’’ (more | 
correctly a metallic soap) must be 
leveled on the recording machine { 
with reasonable care, and the 
stylus must be sharp and so ground 
that the cut will be very clean. As 
it is cut the wax shaving is removed ‘o025"" 
by air suction. The operator is 1 
aided in maintaining the correct 


depth of cut by aso-called advance Yy Yy 
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ball. Commonly an advance ball rection of W 
is a ball-shaped sapphire mounted yy Uy Yj yyy 
in an adjustable holder which is in YY: Z 

turn fastened to therecorder. The ye. 7, Western Electric Co. Lateral Recording Stylus 
advance ball rides lightly over the 

wax close to the stylus and serves to maintain uniform depth of cut in spite of small in- 
accuracies of leveling of the ‘“‘wax’’ or deviation from planeness. The advance ball is 
adjusted relative to the stylus by observing the cut with a calibrated microscope. 

In commercial cutting, for processing, both solid and flowed waxes are popular. Solid 
disks are shaved with a sapphire knife to a highly polished surface on a sturdy high-speed 
turntable. After recording and processing the disk is reshaved and recut until it becomes 
too thin to be used with safety. The flowed disk is a thin layer of wax flowed onto a metal 
surface. The wax layer is cut once and discarded, the metal backing being reused indefi- 
nitely. Such a recording medium is extremely smooth, homogeneous, and free from 
mechanical strains incidental to shaving the ‘‘waxes’’ by the older method. 

DUPLICATION OF DISK RECORDS. The surface of the wax, after being engraved, 
is rendered electrically conducting. This can be done in a number of ways, such as dusting 
with graphite and bronze or other electrically conducting powders, by the chemical pre- 
cipitation of silver, or by sputtering a suitable material such as gold or silver in a cathode 
sputtering chamber. 

The wax is then electroplated with copper, sometimes to a thickness of about 1/39 in., 
or sometimes only to a thickness of a few thousandths of an inch and then backed up by a 
thicker metal plate of suitable material. This electrodeposited plate is then a negative of 
the wax and is called a ‘“‘master.’’ From this negative or master, positive copies may be 
made. In commercial practice the copies or records are usually pressed of some thermo- 
plastic material. If the sound reproduction from a few records carefully pressed from a 
master is satisfactory, duplicate stampers are produced in order that the master may be 
preserved. These duplicate stampers are used for pressing or molding the commercial 
release records. 

From the master one or more ‘‘mother’’ plates are made by electrodeposition. These 
mothers are positives and serve as the forms on which the final matrices or stampers are 
deposited. One of the important problems in this process is the treating of the metal 
surfaces of the masters and mothers so as to permit subsequent separation. The problem 
is to produce a surface which will still be conducting, but which is not ‘‘clean’’; i.e., the 
deposited metal must not be in sufficiently intimate contact with the metal of the mold 
to cause permanent adherence. This may be done by either of two methods: (a) by the 
application of a thin ‘‘mechanical’’ layer of some substance such as grease, graphite, etc., 
or (6) by a.chemical film usually produced by treating the previously cleaned metal surface 
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with some chemical that will react with the metal and produce an insoluble compound. 
Typical substances for the purpose.are soluble sulfides such as sodium sulfide (NaS) or 
the yellow ‘“‘polysulfide’’ (Na2S.). These will react with the metal to form films of the 
corresponding sulfides. Frequently the phonograph industry has employed a film of 
silver iodide, formed by first treating the copper surface with a silver cyanide solution. 
The solution is either poured over the previously cleaned surface or mixed with an inert 
substance such as whiting or calcium carbonate (CaCO;) to form a paste which is rubbed 
over the copper. A thin film is thus deposited by immersion. The film is then treated 
with a weak iodine solution. The iodine solution acts upon the silver to form a thin film 
of silver iodide upon which the copper can then be deposited and subsequently separated. 
Numerous other methods are employed in the industry. 

Until recently the records themselves were molded of a thermoplastic mixture of shellac 
and earth fillers and were generally played with steel needles. The fillers were purposely 
made somewhat abrasive in order to grind the needle point to fit the groove since the 
needles were not usually accurately shaped to a suitable contour. The pressures at 
the needle point of a typical needle, before being ground to shape, are extremely high, and 
record wear under this condition is serious. In more recent years, reproducers of lower 
mechanical impedance have become available, which require much lower pressures. Accu- 
rately contoured permanent reproducing points provide further relief by reducing vibra- 
tory mass and maintaining a definite small radius of curvature. Any abrasive in the 
records adds to the background noise, hence homogeneous, non-abrasive records such as 
those made of cellulose acetate or vinylite are coming to be used. Such materials are, in 
fact, used almost universally in transcription recordings for broadcast purposes. 

Records of the older shellac mixtures or of some of the more recently developed plastic 
materials are made in about the same manner, although the time, temperature, and pres- 
sure cycles may differ widely. The material to be molded is usually heated to a suitable 
softening temperature (of the order of 300 deg fahr) either on an auxiliary hot plate or in 
the record press itself in which the stampers are mounted. The stampers are commonly 
mounted in the press on platens which are heated and then cooled according to some pre- 
determined cycle. The material may be further heated in the press at a suitable tempera- 
ture before the pressure of the press is applied upon it. The pressure applied is of the 
order of 2000 lb per sq in. for many plastic materials. This pressure is maintained while 
the platens are cooled for a suitable time, after which the press is opened and the record 
removed. 

INSTANTANEOUS PLAYBACK DISKS. This term covers a multitude of plastics 
and metals which lend themselves to easy engraving or embossing. A few will be discussed. 
In the higher-quality field of instantaneous recording media the 12 in. and 16 in. lacquer- 
coated disks of glass or metal are most common. A variety of materials may be com- 
pounded with cellulose nitrate to form a lacquer that is easily engraved. These coatings 
are approximately 0.010 in. thick and cut cleanly with a recording stylus similar to that 
used for cutting ‘‘wax,” although it is general practice to somewhat dull the cutting edge 
to a radius of the order of 0.0003 in. The shaving may be directed toward the center and 
collected about the center pin of the disk or it may be removed by suction apparatus. 

Disks of this kind are sometimes used as masters for subsequent processing and duplica- 
tion in the same manner as described for wax disks. When the disks are used for instan- 
taneous playback, the elastic properties of the recording material seriously affect the re- 
sponse characteristic. High-frequency losses, particularly at low linear velocities, are 
very severe and are not too satisfactorily relieved by predistortion in recording. Depend- 
ing upon the type of reproducer used on these disks, they may be good for from one to 
tifty playings. 

In the general utility field recording disks are most commonly made of vinylite or 
vinylchloride. Gelatin and soft metals such as aluminum are also used. These materials, 
in general, are not suitable for engraving, and in most applications an embossing stylus 
is used which rubs a shallow groove into the recording material, modulating the groove in 
accordance with the signal impressed on the recorder. The contour of such styli varies 
widely. Grooves so rubbed are about 0.001 in. deep and the maximum amplitude rarely 
exceeds 0.001 in. Signal-to-noise ratios are relatively low. These applications are defi- 
nitely not high quality in their present state of development, emphasis being placed on 
obtaining good articulation. Useful playing life is uncertain. Extremely light reproducers 
and soft reproducing styli are required if more than a few playings are anticipated. Disks 
in general do not exceed 6 or 8 in. in diameter. 

RECORDING MEDIA OTHER THAN DISK. Although the recording medium on 
most general-utility recording machines takes the form of a disc, two exceptions worthy 
of note are made. The first of these is film on which the recorded grooves are embossed 
in helical pattern on an endless loop of standard 35-mm safety motion-picture film base 
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(Amertype Recordgraph). The other exception is the well-known wax cylinder which 
approximates in its consistency the wax disk used in recordings for processing. Here a 
helix is cut in the cylinder to be erased for subsequent reuse after playing (Dictaphone and 
Ediphone). 

A unique combination of mechanical recording and optical reproduction is found in the 
Philipps-Miller system, in which a wide-angle stylus cuts an extremely shallow groove 
through the darkened emulsion of a photographic film. 'The thin emulsion is therefore 
cut away in varying widths so that the transparent body of the film presents a pattern 
similar to that of variable area sound-on-film recording. Reproduction is accomplished 
optically in a similar manner to ordinary sound on film. 


25. REPRODUCING INSTRUMENTS | 


The function of the reproducer in a mechanical recording system is to transform into 
electrical energy the modulations of the recorded disk or duplicate thereof. Since the 
inception of so-called ‘‘electrical recording”’ in contrast to the older method of acoustical 
recording, magnetic-type reproducers have played an important part. Such reproducers 
have taken a variety of forms, but in general an armature is rigidly attached to a stylus 
holder. The armature, moving in a magnetic field, generates a voltage in associated coils. 
Typical examples of such structures are illus- 
trated in Figs. 8 and 9. Both these devices Magnet 
and others of the same vintage are lateral-type 
reproducers and are intended for use with a re- 
placeable steel stylus or needle. To provide 
sufficient rigidity against flexing, such styli in 
themselves are quite heavy, and their mass plus 
that of associated driving elements produces a 
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high driving-point impedance with corresponding record wear and distortion. In general, 
the same applies also to the fitted jewel styli used in conventional-type lateral reproducers. 
In reproducing vertical recordings the driving force is in direct line with the stylus axis 
and flexural rigidity is not so important a requirement. The mass of the stylus and asso- 
ciated vibratory system can therefore be kept comparatively small, thus reducing the 
driving-point impedance so that record wear is greatly reduced. Vertical reproducers in 
general have been built around the moving-coil principle and invariably are associated 
with a jeweled (diamond or sapphire) stylus that has been polished to fit the recorded 
groove accurately. , ; 
One of the more common of reproducers is the piezoelectric crystal type, in which a 
Rochelle salt crystal element is secured to a stylus holder at one end and anchored at the 
other. Stylus movement causes a flexing of the crystal element, which produces a voltage. 
In general that type of reproducer is of fairly high driving-point impedance, although some 
of the higher-quality devices provide a distinct improvement in this respect. Figure 10 
shows a cross-section view of the ‘‘cartridge” of a typical erystal-type reproducer. Sou 
An interesting reproducer which serves to illustrate at once the moving-coil principle 
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as applied to both vertical- and lateral-type reproducers is the Western Electric 9A repro- 
ducer, a phantom view of which is shown in Fig. 11. This is a universal reproducer, that 
is, one which will reproduce either vertical or lateral recordings by changing the electrical 


Fie. 11. Western Electric Co. 9A Universal Reproducer 


relationship of the two voltage generating coils. Figure 12 shows the response charac- 
teristic of this device on both types of recordings. 

Jeweled styii have become commonplace in raany makes of reproducers. Their contours 
vary, but in general the 
radius of the spherical 
tip is held to between 
0.002 and 0.003 in. The 
larger tip radii, though 
permissible and even de- 
sirable in certain types 
e of lateral reproducers, in 
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26. SOURCES OF DISTORTION 


RECORDING. In all recording instruments sources of distortion common to most 
electromechanical transducers are present. Magnetic elements do not always behave 
linearly, and mechanical elements are frequently free to respond in modes other than the 
desired one. In general, however, distortion due to these effects can be minimized by good 
engineering and design. Recorders intended for use in a variety of recording media do 
not always meet the same impedance at the cutting point. Not only does this impedance 
vary from one medium to another; it may vary also with depth of cut in a given medium. 
It has been customary, therefore, to keep the driving-point impedance sufficiently high 
so that the recording medium has little or no effect on the recorder characteristics. The 
maximum force on the stylus in cutting is developed by the reaction of the record material 
to be cut away. This force is normal to the motion of the stylus, and yielding by the stylus 
arm in this direction occurs in the neighborhood of the stylus-arm resonance frequency. 
This motion is introduced on the time axis of the recording, and intermodulation with 
other frequencies results. 

A less important source of distortion which intrudes also on the smoothness of cutting 
is the design of the stylus. The dimensions of the stylus, like so many other elements in 
recording systems, are a compromise between many factors, including linear velocity and 
recording amplitude. In order to provide adequate ruggedness at the tip, a short bevel 
at a rather blunt angle is provided, as is shown in Fig. 7. The slope of this bevel marks 
the maximum slope that can be tolerated in vertical recording without having the heel of 
the stylus abrade the modulated groove. The corresponding critical angle in lateral 
recording is approximately 45°, which means that the maximum recorded vibratory 
velocity must never be more than the linear velocity of the record. 

PROCESSING AND DUPLICATION. Although electrodeposition is one of the 
most accurate methods known for duplicating a surface, several sources of distortion 
present themselves. Plating on the face of copper stampers of abrasion-resistant chro- 
mium or other metallic finish has a finite thickness sometimes comparable with the modu- 
lations of the grooves. When this process is repeated a number of times, as is common 
commercial practice, high frequencies are all but obliterated. Stampers are occasionally 
buffed before or after plating. This, of course, very rapidly erases, in a random manner, 
much of the higher frequencies. 

REPRODUCING. The distortions introduced in recording and processing can be 
minimized by good design and careful handling. In the interest of commercial expediency 
these factors are sometimes overlooked. In reproducers, however, there are in the present 
state of the art several distortion-producing factors which might be characterized as in- 
herent. The first of these, termed ‘“‘tracing’’ distortion, is due to the fact that the re- 
producer stylus has finite size. The curve traced by the center of a spherical-tip stylus in 
tracing a sinusoidally modulated groove is not sinusoidal. This effect increases rapidly 
as the minimum radius of curvature of the recorded wave approaches the radius of the 
stylus tip. Practical considerations prevent relief by the simple expedient of making the 
stylus radius smaller. 

The minimum radius of curvature of a sine-wave groove is given by 
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where R = minimum radius of curvature (inches), V = linear speed of groove (feet per 
minute), A = amplitude (inches), and f = frequency (cycles per second). The linear 
speed V of a 12-in. record at the standard turntable speed for phonographs, 78.26 rpm, 
varies between 1.3 and 3.8 ft per sec. At the standard broadcast transcription speed of 
33.33 rpm the linear speed of a 16-in. record varies between 1.2 and 2.4 ft per sec. At high 
frequencies, therefore, for even extremely small amplitudes the radius of curvature of 
the modulated groove may be comparable with that of the stylus attempting to trace it. 
Fortunately, the distribution of energy in speech and music spectra is such as to alleviate 
this situation. However, in the interest of noise reduction and standardization of recording 
techniques it is an accepted procedure to accentuate high frequencies in recording with 
corresponding attenuations in reproduction. 

In lateral reproduction the problem is further complicated by what has been described 
as ‘“‘pinch”’ effect; i.e., since conventional lateral reproducers have no vertical compliance 
the stylus ‘‘pinches”’ between the walls of the grooves when the linear velocity drops below 
a certain point. This phenomenon results from the fact that the cutting surface of the 
recording stylus is always perpendicular to the unmodulated groove. A constriction 
therefore results in the width of those portions of a modulated groove which are at an 
angle to the direction of the unmodulated groove, i.e., at all portions of the modulated 


(9) 
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grooves except the maxima and minima and points of inflection. Some relief is afforded 
by providing appropriate vertical compliance in lateral reproducers, and in such repro- 
ducers it is advantageous to use an oversize reproducing stylus which never rides on the 
groove bottom but is always positively driven by the side walls. It has been shown that 
in this way even harmonics can be eliminated from ‘‘tracing”’ distortion. 

Another source of distortion in reproduction is due to ‘‘tracking error.’”’ Tracking error 
may be defined as the angle between the vibration axis of the mechanical system and the 
tangent to the groove being reproduced. This angle results from the conventional device 
of pivoting the reproducer arm at a fixed point. The aforementioned vibration axis can 
therefore be truly tangent to the record groove at only one radius. In lateral reproduction 
when the tracking error is large a sinusoidal wave is not traced sinusoidally. This effect 
is minimized in lateral reproduction by the well-known device of an offset reproducer 
head or by making the pivoted reproducer arm very long. Mechanisms which keep the 
reproducer tangent at all times are employed in a few reproducing devices, eliminating 
this source of distortion entirely. In vertical reproduction, distortion due to tracking 
error is negligible. 

The characteristics of the medium of which disks are made contribute to the distortion 
in reproduction. The modulated groove which drives a reproducer stylus has a finite 
impedance which at some frequencies may be comparable with or less than the stylus- 
point impedance. With modern high-quality reproducers the compliance of the record 
material resonates with the vibratory mass of the reproducer, frequently producing a 
peaked response at some high frequency, above which the response very rapidly declines. 
The most outstanding examples of the effect of record characteristics on response are found 
in the instantaneous types of playback disk. The materials of which these disks are made 
have a high compliance. The losses at high frequencies, particularly at low record veloci- 
ties, are serious even with the best of commercial reproducers. Compensation for such 
losses is difficult because the magnitude of the loss varies widely, increasing as the linear 
velocity decreases. 


BIBLIOGRAPHY 


aA . 8. Pat. 200,521. 

H. M. . S.M.P.E., 1928. 

Oxs TS. , 1928. 

SB: Si ig ES so 

SrA: Frederick, J, A.S.A., 1931. 

E. C. Wente and A. L. Thuras, J. A.S.A., 1931. 

WwW. C. Jones and L. W. Giles, Te S.M.P.E., 1931. 

W.C. Jones, J. S.M.P.E., 1931. 

E. C. Wente, Phys. Rev., 1922. 

H. F. Olsen, J. A.S.A., 1931. 

H. C. Harrison and P. B. Flanders, B.S.T.J., 1932. 

H. ee Arnold and I. B. Grandall, Phys. Rev., 1917. 

Tucker and Paris, Phil. Trans. Roy. Soc., 1921. 

A. V. Hippel, ‘Ann. d. Physik, 1925. 

W. Spaeth, Zezt. tech. Phys., 1925. 

U.S. Patent 1,634,210, 1927. 

Olson and Massa, Applied Acoustics. P. Blakiston’s Fon & Co., Philadelphia. 
J. P. Maxfield and H. C. Harrison, Trans. A.I.EH.H., 1926. 
C. F. Eyring, J. A.S.A., 1930, 1931; J. Soc. Mot. Pict. Eng., 1930. 
1RG) by Hanson, J. S.M.P.E., 1930. 

F. L. Hunt, J. A.S.A., 1931. 

W. A. MacNair, J. A. S.A. eee) Proc. I.R.E., 1981. 
J. C. Steinberg, TANS! ‘Als 

W. C. Sabine, Collected Pie, on Acoustics. 

L. J. Sivian, H. K. Dunn, and S. D. White, J.A.S.A., 1931. 

din 18): Maxfield, J. S.M.P.E., 1930. 

L. Cowan, Recording Sound ‘Yor Motion Pictures. McGraw-Hill, Chapters 4, 16. 

E. O. Scriven, J. S.M.PAE., Naat B.S.T.J., 1934. 

W. P. Dutton and 8. Read, Usk .S.M.P.E., 1931, 

S. Read, Jr., J. S.M.P.E., 1933. 

R. A. Miller and H. Pfannenstiehl, J. S.M.P.E., 1932. 

H. A. Frederick, J. S.M.P.E., 1928, 1932. 

P. Wilson and G. W. Webb, Modern Gramophones and Electric Reproducers. Cassell & Co. (1929). 
S. T. Williams, J. Franklin ‘Tnst., 1926. 

H. A. Frederick and H. C. Harrison, Trans. A.I.E.E., 1933. 

A. Giintherschuze, Zeit. f. Phys., 1926. 

H. F. Fruth, B.S.T.J., 1932. 

W. Blum and G. B. Hogaboom, Principles of Electroplating and Electroforming. McGraw-Hill. 

F. C. Barton, J. S.M.P.E., 1934. 

L. F. Rahm, Plastic Molding, McGraw-Hill (1933). 

E. W. Kelloge, Trans. A.I.E.E., 1927. 

J. P. Maxfield, U. S. Pat. RE 18, 228. 

E. Nesper, Nimm Schallplatten selver auf. Franckh’sche Verlagshandlung, Stuttgart. 

U.S. Pat. 1,754,935 (19380). 

U.S. Pat. 1/421, 045 (1922). 

A.C. Keller, Js PABA Vol. 8 (1937). 


PHOTOGRAPHIC SOUND RECORDING 13-47 


. C. Keller, J. S.M.P.E., 1937. 

. J. Diloro, J. 8.M.P.E., Nov. 1937. 

. Olney, Electronics, November 1937. 

i , J. S8.M.P.E., January 1938, 

. A. Pierce and F. L. Hunt, J. S.M.P.E., August 1938. 
. A. Henning, Bell Lab. Rec., October 1940. 

. D. Lewis and F. L. Hunt, J. A.S.A., January 1941. 

. Fleming, J. A.S.A., January 1941. 

. B. Bauer, Electronics, March 1945. 

. B. Bauer, J. A.S.A., April 1945. 

. BE. Roys, J. S.M.P.E., Sune 1945. 

. 8. Bachman, Electronic Industries, July 1945, 


Tea] =spalleod = 
ms 
& 
ler 
= 
a 
fo) 
ky 
z 
o) 
on 
& 
ic] 
ao 


sini 


PHOTOGRAPHIC SOUND RECORDING 


By C. R. Keith 


The photographic method of sound recording finds its greatest field in sound pictures, 
the sound record being usually on the same film as the picture or at times on a separate 
film operating synchron- 
ously with the picture film. 
Film records are particu- 
larly adapted to sound pic- 
tures since these films are 
usually made from numer- 
ous short ‘‘takes’’ which are 
edited and then spliced to- 
gether. The sound and 
picture are usually photo- 
graphed on separate films, 
except for newsreel record- 
ing where the sound and 
picture are commonly taken 
on the same film. Usually 
music and sound effects are 
recorded separately from 
the dialog; the various 
sound tracks are then re- 
recorded in synchronism 
with the finally cut picture 
film to make a sound nega- 
tive which is used for mak- 
ing release prints. 

Two types of sound-on- 
film records are in common 
use today. One is the vari- 
able-density type—a series 
of striated bands as shown 
in Fig. 1 (a)—(d). The other 
is the variable-area type 
shown in Fig. 1 (e)—(4)—a 
serrated band with its 
toothlike projections. Both 
place the record on a narrow 
strip of the film at one side 
of the picture as in the 
sketch of a composite print 
with a variable-density 
sound track (Fig. 2). As 
the sound track must be (076. 
played at uniform speed |. nae 
while the picture progresses ’ ; 
with intermittent motion, (9) (h) (2) 
it is displaced forward along Fie. 1. Types of Sound Tracks 
the film 15 in. from the 
corresponding picture, so that the momentary difference in film velocity can be taken up 
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by a free loop. Both types of sound track can be reproduced in the same machine with- 
out any change in the machine or in the electrical equipment. 

The most commonly used sound tracks are illustrated in Fig. 1. Films exhibited in 
theaters ordinarily have single 100-mil tracks such as (a), (6), (e), (f), or (g). Original 

sound records are often made with 100-mil pushpull tracks 
0.100 in. such as (c) or (i) or more commonly, when the sound is 
recorded on a film separate from the picture film, with a 
200-mil pushpull track such as (d) or (A). 

There are many methods of producing such film sound 
tracks: the light-valve method (Western Electric), the reflect- 
ing-galvanometer method (RCA), the flashing-lamp method 
(Fox-Case), the Kerr cell (Klangfilm), and many variations of 
these methods. The flashing lamp and the Kerr cell are used 
only for variable-density tracks, but the light valve and the 
reflecting galvanometer may be used for either variable-density 
or variable-area tracks. 


27. LIGHT-VALVE RECORDING SYSTEM 


In the light-valve system the light from an incandescent 
source is made to fall on a light valve, Fig. 3, formed of two 
strips of Duralumin 0.0005 in. thick by 0.006 in. wide spaced 
0.001 in. apart. These are placed in a magnetic field and carry 

Scanning the speech currents. Since the two ribbons carry current in 
Beam : : : 

0.084 in. Opposite directions they move together or apart as the current 
Hie 2 Position GPSound Vee In commercial practice the ribbons are tuned or reso- 
Gitex an sain IO nated to about 9500 cps. The response in the frequency range 
near resonance depends on the damping, and in early types of 
light valves the response at resonance was 20 to 25 db higher than at low frequencies. 
This variation in response can be reduced to 1 or 2 db by using a feedback circuit in which 
signal voltage across the light-valve ribbons is amplified and applied to the valve input 
in opposite phase. However, the more recent light valves have sufficiently high flux den- 
sity (30,000 gausses) so that the resonance péak is only about 6 db. Additional damp- 
ing is obtained by passive networks in the valve input circuit, so that the resonance peak 
may be reduced to about 1 db. These measures also almost entirely eliminate extraneous 

vibrations of the light-valve ribbons when excited by steep transients. 

In early types of light valves both ribbons were in the same plane so that it was possible 
for them to strike each other when caused to vibrate at large amplitudes, thereby increasing 
the normal overload distortion. This difficulty is avoided in later types by mounting the 
two ribbons in parallel planes separated by about the thickness of one ribbon. In addition 
to preventing distortion due to ribbons striking each other, this ‘‘biplanar’”’ construction re- 
duces the possibility of damage to ribbons through overmodulation. 

When the light-valve ribbons are focused directly on the moving film the exposure at 
high frequencies does not correspond to the motion of the ribbons if the velocity of either 
edge of the image is comparable to that of the film. The exposure given to the film is 
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Fie. 3. Optical Schematic of Typical Light-valve Recording System 


determined by the time required for any point on the film to pass through the image of 
the light-valve slit; in other words, the exposure (to a first approximation) is the product 
of time and intensity. If the frequency being recorded is low, so that the velocity of the 
ribbons is small compared with that of the film, the variations in film exposure will accu- 
rately correspond to the light-valve modulation. As the frequency becomes higher, how- 
ever, the velocity of the ribbons increases, being substantially proportional to frequency 
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for constant electrical power input to the light valve, until at the highest audio frequencies 
the ribbon-velocity effect may become important. For a sine-wave signal just sufficient 
to fully modulate a two-ribbon valve spaced to 0.001 in., the peak ribbon velocity becomes 
equal to the film velocity at about 6000 cycles. This results in a loss of high-frequency 
response which also varies with the average ribbon spacing. Consequently, when a high- 
frequency wave is superposed on a low-frequency wave, the high-frequency response 
varies during each cycle of the low frequency. 

Distortion of this type is not indicated by harmonic measurements since it occurs 
mainly at frequencies whose harmonics would be greatly attenuated by other elements 
in the system, such as the width of the reproducing slit. Such distortion can, however, 
be detected by ‘“‘intermodulation” tests in which two frequencies are recorded simultan- 
eously (one high and one low) and the variation in high-frequency response measured. 
In usual practice the amplitude of the low frequency (60 cycles) is four times that of the 
high frequency (7000 cycles). The reproduced wave is passed through a high-pass filter, 
eliminating the 60-cycle component. When this wave is rectified a new set of low fre- 
quencies (60, 120, 180... cycles) is produced, owing to the presence of distortion frequen- 
cies in the high-frequency wave. The average amplitude of this new low-frequency wave 
is a convenient measure of the distortion. In a suitably designed light-valve modulator 
the intermodulation distortion may be reduced to 4 per cent or less, corresponding to 
approximately 1 per cent harmonic distortion as measured in a system in which distortion 
and transmission do not vary with frequency. This is accomplished by reducing the 
effective image width to 0.00025 in. or less, usually by means of a short-focus cylindrical 
lens placed close to the film surface. 

NOISE-REDUCTION SYSTEM. A noise-reduction system is commonly used in film 
recording in order to lower the level of background noise when it is not masked by rela- 
tively loud sounds. This system is based on the fact that in a variable-density sound 
track the background noise output from a light print is greater than that from a dark 
print when reproduced with the same gain setting of the amplifier. However, when a 
print is made darker by merely increasing the exposure in the printer, both the ground 
noise and the wanted sound are reduced in approximately the same ratio so that no im- 
provement in the signal-to-noise ratio results. The desired result is obtained by reducing 
the average exposure of the negative during periods of low modulation without reducing 
the amount of light modulated by the signal. 

In the Western Electric system of noiseless recording the mean spacing of the light- 
valve ribbons is made to vary so that as modulation is impressed on the valve the mean 
spacing increases sufficiently to accommodate the increasing input. The spacing between 
light-valve strings is mechanically adjusted to 0.001 in., and a source of direct current is 
connected to the strings sufficient to reduce the spacing to 0.0003 in. (for 10-db noise 
reduction). In addition to this fixed bias a varying bias proportional to the envelope of 
the signal wave increases the ribbon spacing as the signal current increases. The lower 
average exposure of the negative during periods of low signal levels produces a positive 
with relatively high average density during such periods. The ground noise is thereby 
reduced when the signal is low, but, since the valve modulation due to the signal is un- 
changed, the effective signai-to-noise ratio is increased. 
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Fic. 4. Block Schematic of Noise-reduction System 


A block schematic of a typical noise-reduction circuit is shown in Fig. 4. The timing 
filter not only serves to remove audible frequencies from the rectified signal but also shapes 
the bias wave so that, for rapidly fluctuating signals such as speech, the valve spacing 
increases at about the same rate as the signal increases, but the spacing decreases at a 
considerably slower rate. The oscillator, modulator, second amplifier, and rectifier merely 
form a convenient means of amplifying the fixed and variable bias currents. 
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28. REFLECTING-GALVANOMETER RECORDING SYSTEM 


The reflecting-galvanometer method, commonly used for producing variable-area sound 
tracks, utilizes a recording device that operates on the principle of the mirror oscillograph. 
Light is reflected from the oscillating mirror of the recorder and is passed through a 
narrow slit onto the film. The resulting sound track has constant density but variable 


Fic. 5. (a) Optical Schematic of Typical Galvanometer Recording System. (b) Recording Galvanom- 
eter. (c) Armature Damping in Recording Galvanometer. (d) (e) (f) Typical Mask and Shutter Ar- 
rangements Used in Galvanometer Recording System. 


width. A widely used type of light modulator accomplishes this by the use of a triangular 
beam of light which is caused to move at right angles to the axis of the slit by the recording 
galvanometer, so that, as it vibrates, the length of the illumined portion of the slit varies. 

The RCA variable-width light modulator, Fig. 5(a), consists essentially of an incan~ 
descent lamp, a system of lenses to direct the light, an aperture and slit to limit the light, 
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and a reflecting-mirror galvanometer to modulate the light. An image of filament A is 
formed at the galvanometer mirror F by the combination of lenses B and E. The aper- 
ture C, shown as the shaded area in Fig. 5(d), limits the light projected to the galvanometer 
mirror. Lens # forms an image of aperture C on slit H. Vibration of the galvanometer 
mirror moves this light beam back and forth across the slit so that the length of the illum- 
inated portion of the slit is proportional to the angular deflection of the mirror. A reduced 
image of the slit is formed on the film K by objective lens J. 

Ground noise is reduced in this modulator by cutting off the light from the ends of the 
slit during periods of low modulation. The two magnetically operated shutter vanes D 
are used for this purpose, producing the varying black margins shown, for example, in 
Fig. 1(g). Current for operating the noise-reduction shutters is derived from the signal 
and is proportional to the envelope of the signal wave. During periods of no modulation 
the clear area is reduced to a width of about 0.002 in. 

Other common accessories in this modulator are a visual monitor system and an ultra- 
violet filter. The visual monitor is provided by forming an image of one edge of the aper- 
ture C on a monitor card. Vibration of the galvanometer mirror causes the image to 
lengthen in proportion to the mirror deflection. By means of suitably spaced lines on the 
ecard the operator is enabled to judge when the galvanometer deflection reaches the 
maximum allowable without exceeding the sound-track width (0.076 in.) that can be 
scanned by the slit in the reproducing machine. The ultraviolet filter J restricts the film 
exposure to a narrow band of wavelengths in the neighborhood of 3650 A, thereby reducing 
image spread due to scattering of light in the film emulsion. Recent fine-grain films have 
also contributed to improvement in image quality. 

The recording galvanometer, Fig. 5(b), consists of a pair of permanent magnets, pole 
pieces, balanced armature A, signa! and bias coils C, mirror support, and mirror M. A 
pair of phosphor-bronze springs hold a groove in the ribbon support against a knife edge 
on the end of the armature. Current through either the signal or biasing coils polarizes 
the armature, causing it to be attracted to the pole piece of opposite polarity and by its 
lateral motion rotating the mirror support and mirror. 

One of the serious problems in electromechanical apparatus is the provision of suitable 
damping. Oil damping, although widely used in oscillograph galvanometers, has a 
number of objections, among which are the change of viscosity with temperature, relatively 
large mass required for the damping obtained, and difficulty of avoiding leakage. The 
damping in this galvanometer is obtained by utilizing the properties of tungsten-loaded 
rubber so mounted that damping is obtained in the frequency range near armature reso- 
nance, but without affecting the low-frequency response of the galvanometer. As shown 
in Fig. 5(c), two small pieces of tungsten-loaded rubber R are cemented to the sides of 
the armature A, and a bronze yoke presses against their outer faces. At low frequencies 
the yoke and pads move with the armature, but at high frequencies the inertia of the yoke 
causes it to tend to stand still while the armature vibrates inside it, compressing the rubber 
and damping the peak. 

Other types of sound tracks can be made with the same modulator by means of masks 
of other shapes. For example a class A pushpull variable-width track may be made with 
the mask in Fig. 5(e). Class B pushpull variable-width tracks may be made with the mask 
shown in Fig. 5(f). Wariable-density tracks can also be made by a modification of this 
modulator in which the uniformly illuminated triangles are replaced by a penumbra 
designed to give a linear gradation of light intensity. The galvanometer mirror causes 
this penumbra to move across the fixed slit, varying the light transmitted to the film in 
proportion to the mirror deflection. 


29. FLASHING-LAMP AND KERR CELL RECORDING SYSTEMS 


Although not widely used at the present time, the flashing-lamp method of recording 
has the advantage of extreme simplicity. The gaseous discharge is concentrated in a 
relatively small area and so designed that the current is proportional to the signal voltage. 
An early type of flashing lamp, called Aeolight, is a two-element tube containing an inert 
gas such as helium. One of the elements is of nickel; the other is coated with barium and 
strontium oxides. When sufficient voltage is applied to the electrodes, ionization takes 
place and a concentrated glow appears at the cathode. The intensity of the light so pro- 
duced increases in proportion to the increase in applied voltage. In operation, sufficient 
polarizing voltage is applied to the tube to give the required average exposure of the 
negative, and sound voltages are superposed on this polarizing voltage. Since the light 
output is comparatively low, the lamp is usually arranged for direct illumination of the 
film rather than by means of the usual lens system. A fixed slit 0.0008 in. by 0.100 in., 
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made by engraving the silvered surface of a small quartz block, is located within less than 
0.001 in. of the film. The low light intensity obtained from flashing-lamp light modulators 
results in a very low value of negative exposure and is in the region known as the ‘‘toe”’ 
of the H and D curve. Prints made from these negatives must be printed on the ‘“‘toe”’ 
of the positive H and D curve in order to minimize distortion. Consequently the per- 
missible modulation ratio is reduced and the volume range is less than for the fully exposed 
type of record. 

Another relatively low-intensity light modulator utilizes the Kerr electro-optical effect. 
A glass cell containing nitrobenzol is placed between two Nicol prisms, and an electrostatic 
field is applied to electrodes on either side of the cell. Light from an incandescent lamp is 
plane polarized by the first Nicol prism, and the second prism is so arranged that, when no 
polarizing voltage is applied to the cell electrodes, no light is transmitted. Since the plane 
of polarization of light transmitted through the cell is rotated as the polarizing voltage is 
increased, the transmitted light also is increased. However, the relation between trans- 
mitted light and applied voltage is not linear and introduces appreciable distortion at 
high modulation. 


30. SOUND-ON-FILM REPRODUCING SYSTEMS 


In the reproduction of either of the two normal types of single sound tracks, i.e., var- 
iable-density or variable-area, the light from an incandescent filament is made to fall on a 
Cae es inte which te Be on 

lens Obleciva ens the film as a line of light 


| 0.0012 by 0.084 in. Two 
. /\ __| common optical systems are 
tight \J shown in Fig. 6. In either, 
Source the light passing through the 


oe film falls directly on a photo- 

(@) The “motion picture’’ type of optical system electric cellcrns transmitted 

to it through a suitable com- 

bination of lenses and prisms 

Cond i way 
et eile ; Usually the photocell optical 
Objective Lens system subtends a solid angle 


sia cl hea fA} of less than 27 radians as 
Aight measured from a point on the 
Soiree ei mn. sound track. Light passing 
through the film emulsion is 
scattered through a variable 
Fie. 6. Typical Film Reproducer Optical Systems solid angle depending on the 
density (Callier effect), so 
that at the higher densities a smaller proportion of the transmitted light reaches the 
photocell. This gives the effect of increased density gradation (gamma) and must be 
taken into account in processing variable-density sound tracks. 
Pushpull sound tracks require two photocells and suitable means for reversing the phase 
of Se Master with respect to the other. A typical pushpull reproducer, simplified, is shown 
in Fig. 7. 
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In the reproduction of photographic sound tracks there are unavoidable losses in output 
related to the speed with which the sound track is moved, and the dimensions and relative 
positions of recording and reproducing slits. Both the recording and the reproducing 
light beams should be exactly perpendicular to the direction of the film motion. Any 
deviation from this direction is called an error in azimuth and introduces a loss at high 
frequencies. Another important loss is due to the impossibility of producing on the sound 
track a line of light which is infinitely narrow. These conditions produce loss of efficiency 
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at higher frequencies and in variable-area tracks may also introduce distortion. Figure 8 
shows typical loss curves of these effects plotted from the following equations. 
VARIABLE-DENSITY SOUND TRACKS. Effect of image width for zero azimuth: 


ne (722) 
V 
27rfB 
yr 


where f = frequency in cycles per second, 8 = half imag2 width, and V = film velocity. 
Effect of azimuth for fixed image width: 
we (= sec 2) fs ‘ca tan =) 
V : V 


27fB seca 27fl tan a 
V | aa: 


where J = half width of sound track, and w = azimuth deviation angle. 

If the azimuth is zero the last equation reduces to the equation preceding it. For very 
small angles (0° to 6°), 
which covers the cases fe) 0 10 


Scanning loss in decibels = 20 logyo 


(1) 


Scanning loss in decibels = 20 logio 


(2) 
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the length of the film. 

VARIABLE-AREA SOUND TRACKS. For variable-area sound tracks the calcula- 
tion of the effect of the aperture on fundamental response and generation of harmonics 
becomes considerably more complicated and involves a number of assumptions that are 
not always realized in practice. However, the general effects may be obtained by assuming 
an ideal record in which the exposed portion has uniform density such as would be realized 
with an infinitely narrow recording slit and an ideal film emulsion. The effect of finite 
reproducing-slit width (with no azimuth error) is a reduction in response at high fre- 
quencies exactly the same as shown above for variable-density sound tracks. On the 
other hand, when the same ideal variable-area record is reproduced by means of a finite 
slit not perpendicular to the direction of motion, the loss in fundamental amplitude for a 
bilateral track is given by 


L = — ki — (3) 
and the ratio of second harmonic to fundamental by 


ke 
R= 2 COS € (4) 
ky 
where 2e = width of reproducing image, a = width of unmodulated unbiased track, and 
m = per cent modulation, and : 


ky = 4pJy (“) * cos (*) (4a, 
Pp P 
2 2 
2pJo (=) - sin (22) (4b) 
Pp Pp fad 


and p = cotangent of angle of azimuth deviation; also J; and Jz are Bessel functions of 
the first and second order respectively. 

Third and higher harmonics are also produced by an azimuth deviation of the reproduc- 
ing slit. Distortion may also be caused by the finite width of the recording slit, but it 
may be compensated to some extent by choosing a suitable density for the print. The 
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photographic image spread in the positive, then, to a first approximation, compensates 
for both the finite recording slit width and the negative image spread. j 

Distortion may also occur in the reproduction of variable-area sound records as the 
result of uneven illumination along the length of the reproducing slit. Although the 
amount of such distortion depends on the type of variable-area track and on the type 
and amount of unevenness of illumination, proper design of the reproducer optical system 
and a reasonable degree of adjustment should result in harmonics not more than 3 per 
cent of the fundamental (for full modulation) and in most cases considerably less. 

In addition, variable-area records will obviously be distorted if the center line of the 
record in the reproducer is displaced from the center line of the slit image so that part of 
the record is not scanned. It is for this reason that 0.076 in. is considered the maximum 
track width for distortionless reproduction since with a standard 0.084-in. scanning image 
a tolerance of +0.004 in. is then allowed for film weave. 

PHOTOGRAPHIC REQUIREMENTS. The principal photographic requirement of 
sound recording is that the variation of light from the average amount transmitted by the 
film in the reproducer must 
be proportional to the cor- 
responding variation from 
the average amount of light 
transmitted by the record- 
ing modulator. This gen- 
eral relation is true for 
both variable-density and 
variable-area tracks. 

For a _ variable-density 
track, the exposure varies 
from point to point along 
the length of the track. 
Figure 9 shows the manner 
in which exposure and den- 
0 04 08 1.2 16 20 2.4 2.8 3.2 3.6 4.0 sity are related in a typical 

Log Exposure film emulsion. The exact 
Ria. 9. Hand D Curve shape, and particularly the 


slope of the central portion 
of the H and D curve, depend on the development as well as the photographic properties 


of the film, but most H and D curves have a portion that is essentially straight when 
plotted as shown. The slope of the straight portion is called gamma, y. If, when a nega- 
tive is printed, a similar curve is drawn relating the exposure of the negative to the density 
of the positive, the slope of the straight portion of this curve is the overall gamma. It can 
be shown that for minimum distortion in variable-density recording the overall gamma 
should be unity. In this computation factors such as the Callier effect (projection factor) 
and the departure of actual gammas from the values measured by a sensitometer must 
be taken into account. Since the positive film carries both sound and picture, both images 
must be given the same development. The positive gamma is chosen to be suitable for 
the picture and is usually about 2.2. Consequently, the negative of a variable-density 
sound track is developed to a gamma of about 0.4 when measured on type 2B sensitometer. 

Although optimum values of gamma and density for variable-density records can be 
obtained with a fair degree of accuracy from sensitometric measurements, the simplest 
and most reliable determination of these constants is made by means of intermodulation 
tests. Such tests measure the non-linear distortion in a print made from a negative on 
which two frequencies (usually 60 and 1000 cycles) are simultaneously recorded. Not 
only is this form of test more sensitive than a measurement of harmonies of a single 
frequency but also it corresponds more closely to audible distortion in commercial 
records. 

In processing variable-area records the aim is to obtain minimum density in the clear 
area and maximum density in the exposed area. These are obtained by developing both 
negative and positive to relatively high gammas, although excessive development may 
result in fog in the clear area. 

Variable-width records are also subject to non-linear distortion if they are not given 
proper exposure and development. This distortion is frequently due to spreading of the 
image and produces an effect similar to rectification. Optimum processing is determined 
by ‘“‘cross-modulation” tests in which a modulated high frequency is recorded. Distortion 
is measured by the amount of low frequency produced by the photographic rectification 
of the modulated high frequency. Distortion may also be caused by non-linearity of the 
modulator and may be measured by harmonic or intermodulation tests. 
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PIEZOELECTRIC CRYSTALS 


By W. P. Mason 


31. DEFINITION OF EFFECTS 


A piezoelectric crystal is a crystal which suffers a change in dimension or form propor- 
tional to an applied electrical potential, for small applied potentials, and conversely gen- 
erates a surface charge when subject to stresses. These properties of piezoelectric crystals 
allow a coupling to be made between an electrical circuit driving a mechanical circuit or 
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with the mechanical properties of the crystals themselves used to create an electric voltage 
as a result of mechanical motion. When a crystal is used to couple an electrical to a 
mechanical system it is said to be an electromechanical transducer. An example of such a 
device is a crystal used as the pickup unit in a phonograph, in which function it transforms 
the mechanical vibrations of the record into electrical vibrations which are amplified and 
produce sound vibrations through the loudspeaker. When the mechanical resonances of 
the crystal itself are used, the crystal is said to be a piezoelectric resonator or a piezoelectric 
oscillator. : 

The piezoelectric effect was discovered in 1880 by the brothers Jacques and Pierre Curie. 
They discovered first the ‘‘direct” effect, which is the production of charge on a crystal 
surface due to the effect of a mechanical force applied to the crystal surface. They also 
measured the ‘“‘inverse” effect, which is the change in shape of the crystal due to an applied 
potential. Voigt (Lehrbuch der Kristallphysik, B. Teubner, 1910) later showed that all 
the linear properties of a crystal under applied stresses, potentials, and temperatures re- 
sulted in strains, electrical displacements, and increases in heat energy according to the 
equations 


6 3 
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where S;(t = 1 to 6) are the six strains that can exist in a solid body, 7;(7 = 1 to 6) are 
the six stresses in the body, E;,(k = 1 to 3) the three potential gradients (ratio of total 
potential divided by distance over which they are applied) that exist along the three axes, 
8 is the absolute temperature in degrees Kelvin and 60 the increase in temperature, 
Di(l = 1 to 3) is the electric displacements along the three axes, and 6Q is the increment 
in heat energy due to applied stresses, fields, and temperature increments. (These symbols 
have now been standardized by the Institute of Radio Engineers.) 

The first equation says that any one of the strains, for example Sj, is in general propor- 
tional to the six stresses, the three electric fields along the three axes, and the temperature 
increment 60. The constants s;; which relate the strains to the applied stresses are the 
elastic moduli of compliance. Since it can be shown that s;; = sj; there are 21 such con- 
stants for the most general crystal, a triclinic crystal. If any elements of symmetry exist 
in the crystal the number of independent constants is reduced. For example, ammonium 
dihydrogen phosphate (ADP) has six independent elastic compliances, quartz has seven, 
and Rochelle salt (sodium potassium tartrate) has nine. The d;; constants are the piezo- 
electric constants which relate the strains to the applied fields. For the most general 
crystal there are 18 independent constants, but for more symmetrical crystals the number 
is reduced. ADP has two independent constants, quartz two, and Rochelle salt three. 
The a; constants are the six temperature expansion coefficients which relate the six strains 
to the applied temperature increase 60. 

The second equation states that the electric displacement is proportional to the applied 
stresses (the constants of proportionality being again the piezoelectric constants), to the 
applied fields (the constants of proportionality being the dielectric constants ex), and to 
the increase in temperature 60 (the constant of proportionality being the pyroelectric 
constants pi). (The equation as written is valid for the egs system of units. For the mks 
system the 47 is removed from D; and ex.) Since 1/(47) times the normal component of 
the electric displacement at the surface of the crystal is equal to the surface charge o, this 
equation shows the origin of the direct piezoelectric effect (while eq. [1] expresses the in- 
verse effect). 

The third equation states that the increment of heat 6Q is proportional to the stresses, 
the fields, and the applied temperature increment. The first effect is called the stress- 
caloric effect, and the constant of proportionality is the absolute temperature 9 times the 
temperature expansion coefficients a;. The second effect is called the electrocaloric effect, 
and the constant of proportionality is the absolute temperature © times the pyroelectric 
constant pz. This last is the ratio of the electric displacement’ to the applied temperature 
60 measured at constant stress and constant field. The last term in the third equation 
expresses the increase in heat energy due to a temperature increase 50, and the constant 
of proportionality is the density p times the specific heat at constant stress Cp. ins all 
these equations the constants of proportionality for one variable are measured with the 
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other two variables in the equation held constant. Thus s;;, for example, could be written 
with two superscripts s;;“,©, indicating that in determining the constants the fields E 
and the temperature 0 are held constant. They are therefore the constant field, isothermal 
elastic compliances. Similar superscripts can be written for the other terms. 

For most piezoelectric applications the vibrations are so rapid that there is no time for an 
interchange of heat, and adiabatic conditions prevail. This can be taken account of in 
eq. (1) by setting 6Q = 0. If we do this and eliminate 60 from the remaining equations 
we have two equations given by 


6 3 
Si = >) sy2T; + >) dinBe 
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3 exit 
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All these constants are adiabatic, and they are related to the isothermal constants of eq. (1) 
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where the constants on the left side are understood to be adiabatic. Equations (2) repre- 
sent all the linear adiabatic relations existing for a piezoelectric crystal, while eqs. (1) give 
all the isothermal linear relations existing for a piezoelectric crystal. Two second-order 
effects, the piezo-optical, and the electro-optical, are also of some interest, but they will 
not be discussed here. They result from a change in the dielectric constant as a function 
of applied stresses and applied fields respectively. 

For ferroelectric crystals such as Rochelle salt the constants in the equations of the 
form (2) go through very wide variations over a temperature range. It has been found * 
that, if the electric displacement is used as the dependent variable instead of the field, 
the resulting constants are nearly independent of temperature. These relations can be 
obtained from eqs. (2) by solving in terms of D; and T;; they are 
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and A is the determinant 


&ki = Budi; + Bredo; + Brads; 
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and A*,! is the determinant obtained by suppressing the kth row and /th column. 

A ferroelectric crystal is one which shows a spontaneous polarization over a given 
temperature range. This is due to the movable electric dipoles exerting a mutual reaction 
and lining up for one direction of the crystal. The effect is similar to the ferromagnetic 
effect in magnetic substances and is accompanied by similar effects. The polarization vs. 
potential curves show hysteresis effects and very high dielectric constants. Large piezo- 
electric effects exist in the ferroelectric range, and Rochelle salt, for example, has a di4 
piezoelectric constant which may be 1000 times as large as that for a quartz crystal. The 
limiting temperatures for the ferroelectric regions are called the Curie temperatures. 
For Rochelle salt these are —18 and +24 deg cent. Other ferroelectric crystals are also 
known, notably potassium dihydrogen phosphate and potassium dihydrogen arsenate (see 
Busch, ‘‘Neue Seignette Elektrica,” Helv. Phys. Acta, II No. 3 [1938]), but their Curie 
temperatures are very low, namely, —151 and —182 deg cent. Rochelle salt was the 
first crystal discovered that had its ferroelectric region in the room-temperature range. 
This fact accounts for its wide use in acoustic devices in spite of its poor mechanical and 


* See W. P. Mason, A Dynamic Measurement of the Elastic, Electric, and Piezoelectric Constants 
of Rochelle Salt, Phys. Rev., Vol. 55, 775 (1939), and H. Mueller, Properties of Rochelle Salt, Phys. 
Rev., 57, 829 (1940). 
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chemical properties. Another ferroelectric crystal, barium titanate, has recently been 
discovered which has a large electrostrictive effect. This crystal in ceramic form may 
be an important electromechanical transducing element (Mason, ‘‘Electrostrictive Effect 
in Barium Titanate Ceramics,’’ Phys. Rev., Vol. 74, No. 9, pp. 1134-1148, Nov. 1, 1948). 


32. APPLICATION OF PIEZOELECTRIC CRYSTALS 


The piezoelectric effect remained a scientific curiosity from the time of its discovery 
until the time of World War I, 1914-1918. During that time Professor Langevin in Paris 
devised an underwater sound-locating device using quartz crystals to convert alternating 
electrical energy into sound vibrations in water. The sound beam was sent out into the 
water and was reflected back from an object or the bottom of the ocean. This reflection 
impinged on the crystal transducer and generated an electrical voltage which could be 
detected by vacuum-tube devices. This use was a forerunner of the fathometers and 
underwater sound-locating devices that have been widely used by the Navy. Although 
quartz was originally used for this purpose it has been displaced by Rochelle salt and 
particularly a new crystal developed during World War II, the ammonium dihydrogen 
phosphate or ADP crystal. This crystal has so many mechanical, chemical, power- 
handling capacity, and temperature advantages over Rochelle salt that it appears likely 
to replace all other transducing elements for underwater sound applications. 

In 1922 it was shown by Professor Cady of Wesleyan University that very stable 
oscillators could be obtained by using quartz crystals as the frequency-controlling element. 
These have been applied to controlling the frequency of broadcasting stations and radio 
transmitters in general. Quartz crystals using some one of the low-temperature-coefficient 
crystals described in article 33 produce the most stable oscillators and the best time- 
keeping systems that can be obtained. The use of crystals to stabilize oscillators was so 
prevalent during World War II that over 30,000,000 crystals were produced in a single 
year for this purpose. 

Another application of piezoelectric crystals is in producing very selective filters. On 
account of the very high Q existing in crystals they can practically eliminate the effect 
of dissipation in filter structures. Such filters have been widely applied in the long-dis- 
tance telephone lines and in single-sideband transatlantic radio telephone systems. 
Narrow-band crystal filters have been used in picking off single frequencies and narrow 
bands of frequencies for control and analyzing purposes. For this application quartz 
crystals have been mostly used. However, it appears that the requirements are lenient 
enough to allow some of the synthetic crystals to be employed. 

Besides producing and detecting sound in liquids, crystals have been used to produce 
and detect vibrations in gases and solids. On account of their high mechanical and 
electrical impedances crystals are at somewhat of a disadvantage in coupling to low- 
mechanical-impedance air waves. By using bimorph types of units which employ bending 
or flexural vibrations the mechanical impedances of crystals can be lowered. For sound 
pickup devices the high electrical impedance is not a disadvantage, for they can be worked 
directly into the grid of a vacuum tube which inherently is a high impedance. Hence 
large numbers of crystals have found uses in microphones. For this purpose Rochelle salt 
is common, but the constants of ADP are favorable enough so that they may displace it. 

Crystals have also been used in receivers, relays, oscillographs, and other devices for 
which displacements are required for a given applied voltage. For this purpose, crystals 
having large d piezoelectric constants are required, and Rochelle salt is universally used. 
On account of the large variation of d with temperature such devices are not very stable 
and reproducible and hence are unsuitable for high-quality equipment. 

Crystals have also been employed in producing very high-frequency vibrations in gases, 
liquids, and solids. For this purpose quartz is the almost universal choice since it can be 
ground very thin and can be used to produce high frequencies. X-cut quartz is utilized 
to set up longitudinal vibrations and Y-cut quartz to produce shear vibrations. Such 
high-frequency sound waves are applicable for testing steel: castings and other solid 
materials for flaws (Firestone, The Supersonic Reflectoscope, J. A.S.A., Vol. 17, No. 3 
[January 1946]). They have also been utilized to study the properties of liquids, gases, 
and solids and the way in which they vary with frequency. 


33. PROPERTIES OF QUARTZ 


There are at least 500 crystalline substances that have been tested and found to be 
piezoelectric, and it is to be presumed that among the many thousands of compounds that 
will form into crystals in the 20 out of the 32 crystallographic classes that may be piezo- 
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electric most of them will show some piezoelectric activity. However, only three crystals 
have received wide application in practical devices: quartz, Rochelle salt, and ammonium 
dihydrogen phosphate (ADP). A fourth crystal, tourmaline, has received a limited appli- 
cation in sound-measuring devices because it is sensitive to hydrostatic pressures. It isto be 
expected, however, that, with several large laboratories actively engaged in investigating 
new piezoelectric materials, many more crystals will eventually find practical application. 

It is the purpose of the following sections to discuss the properties and useful cuts of 
quartz, Rochelle salt, and ADP. 

PHYSICAL PROPERTIES OF QUARTZ. Quartz is described by the chemist as 
silicon dioxide, SiO, and it crystallizes in the trigonal trapezohedral class. The Z or optic 
axis is an axis of threefold symmetry; i.e., if one measures any property of the crystal at a 
definite position in the crystal, this property will be repeated at angles of +120° rotation 
about the Z axis. The melting point of quartz is 1750 deg cent, the density 2.65, and the 
hardness is 7 on Mohs’ scale. Under atmospheric pressure, a or low-temperature quartz 
transforms into 8 or high-temperature quartz at 573 deg cent. Under stress this trans- 
formation temperature is lowered. Alpha quartz is insoluble in ordinary acids but is 
decomposed in hydrofluoric acid and in hot alkalies. Quartz is soluble to some extent in 


water at high pressures and temperatures. In an enclosed system, crystalline quartz will 
dissolve in water to the extent of 
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will dissolve to a considerably 
larger extent. 200- 300 23 }55) 
Quartz is found principally in 300- 500 29.5 
Brazil in several different types of 500-700 10.4 
deposits (see Stoiber, Tolman, and 700- 1,000 + 
Butler, Geology of Quartz Crystal 
uy A Mi 5 1 1,000— 2,000 1.8 
Deposits, Am. ineralogist, Vol. 2,000- 3,000 0.5 
30, 245-268 [1945]). The prepon- 
derance of the crystals found is in 3,000— 4,000 0.2 
the lower-weight class as shown by 4,000— 5,000 <0.1 
the table. Most of the clear quartz 5,000— 7,000 <0.1 
has recognizable natural faces, but 7,000-10,000 24 


some, particularly river quartz, 
has no natural faces. 

Quartz occurs in optical right-hand and left-hand forms; i.e., the crystal will rotate the 
plane of polarization of polarized light passing along the Z or optic axis counterclockwise 
(left handed) or clockwise (right handed) from the point of view of the observer facing the 
source of light. Most crystals have sections with both handedness. In general, the middle 
section is likely to be all of one hand while the outside sections may have parts of each 
handedness. A conoscope may be used to locate the optic axis and will also show the 
handedness and position of any optical twinning. The principle of the conoscope is shown 
by Fig. 1. Light from the source is sent through a polarizer and through the converging 
lens Z;. This lens sends converging or conical beams through the crystal which are 
gathered by the second lens, focused, and sent through the analyzer. In practice the 
lenses and crystal are immersed in a liquid having the same index of refraction as the crystal 


along its optic axis. Such liquids 
I may be mixtures of Decalin and 
LIGH 2 
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Dowtherm or dimethyl phthalate 
and a monochlor naphthalene. 
The crystal breaks up all rays not 
parallel to the optic axes into two 
components which travel with dif- 
ferent velocities. Hence the ana- 
Fra. 1. Principle of Conoscope lyzer is not able to extinguish the 
light that has traversed the crystal 
except at angles for which the two rays are in opposite phase. Hence one sees a series of 
rings in the conoscope when the direction of the Z axis is along the line between the 
source and the eye. Owing to the rotation of the plane of polarization in the crystal one 
finds that the rings either expand or contract for a right- or left-handed crystal respectively 
for a clockwise rotation of the analyzer. This gives a method of determining the handed- 
ness of the crystal. Optical twinning also shows up in a viewing system of this type, for 
it deforms the ring pattern. If plane rays rather than conical rays are used, and a source 
of white light, color effects also show up the position of the optical twinning. 
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The Dauphine or electrical type of twinning also exists in quartz. It results from a 180° 
change in the direction of the crystal atomic arrangements. As shown by Fig. 2, the silicon 
atoms normal to the Z axis are arranged in near hexagons all pointing in one direction. 
If the temperature is raised above 573 deg cent a change in the arrangement to the hexag- 
onal pattern shown in the middle occurs. The result is high-temperature or 8B quartz. 
As the temperature is decreased below 573 deg, the crystal may return to the form at 
the bottom, or part of it may return to this form and part to the form in which the near 
hexagons point in the opposite direction. If both forms exist the crystal is said to have 
electrical twinning. The best method of detecting elec- 
trical twinning is by etching the surface with hydrofluoric 
acid, which eats away the crystal at rates depending on 
the orientation of the crystal surface. Since the two 
twinned areas will develop etch pits that point in op- 
posite directions, grazing light will cause one part to re- 
flect brightly while the other reflects diffusely, and hence 
one can see the parts that have different regions of elec- 
trical twinning. Since the piezoelectric effect is opposite 
for the two twinned areas, it is necessary that there be 
only one region in a useful crystal. Electrical twinning 
usually occurs in an untwinned plate if it is taken above 
the inversion point. It may also occur at lower temper- 
atures if stress is applied. Such twinning has been ob- 
BETA OR HIGH- TEMPERATURE served when a hot soldering iron is pressed against a 

QUARTZ erystal, or it may even occur when the crystal is sawed. 
Wooster (Nature, Vol. 157, No. 3987 [March 30, 1946]) 
has found that the electrical twinning can be removed by 
\7 KS : x - exerting a twist around the Z or Z’ axis and heating the 

Se PrP OPA RFA crystal nearly to the inversion point. 
Gea Kee Oe Hy Other defects in quartz crystals are (1) “‘bubbles’’: 

Ne ee a AS oe bubble-like cavities which may be fine or large; (2) veils, 

[ef e Pey \_'\ heavy or fine, which are more or less continuous sheets 
TWINNED ALPHA QUARTZ of small bubble-like cavities; (8) clouds or haze: aggre- 
ae ener chee etos gates of fine bubble-like cavities; (4) ghosts or phantoms: 
Atoms in Quartz Normal to Z Axis Outlines of earlier growths within the crystal, usually 
marking what were once edges of adjoining faces which 
become visible when a beam of light is reflected from the minute fractures or parting 
planes that outline them; (5) fractures. All these defects can be observed by shining a 
strong light through the crystal at right angles to the direction of observation. The 
crystal is usually immersed in an inspection tank which is filled with a liquid having the 
same index of refraction as the crystal. Opinions differ on how many inclusions or 
bubbles of a small size can be tolerated in the finished crystal. 

All the inspection and orienting instruments as well as the methods of sawing and pre- 
paring the crystals are completely described in R. A. Heising, Quartz Crystals for Electrical 
Circuits, Van Nostrand, 1946, and in the May—June 1945 issue of the American Mineralogist. 

USEFUL CRYSTAL ORIENTATIONS. The modes of motion and the properties of 
these modes depend markedly on how crystal plates are oriented with respect to the 
natural crystal faces. Figure 3 shows a natural quartz crystal, the three crystallographic 
axes, and some of the more important special cuts that have found use in the radio and 
telephone art. The Z or optic axis of the crystal is along the long direction of the erystal; 
the X axis lies through one of the apexes of the hexagon; and the Y axis is normal to the 


other two in a right-handed system. The piezoelectric, elastic, and dielectric equations 
of quartz take the form 
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Fic. 3. Principal Cuts of Quartz 


where Sj, So, S3 are the three elongation strains along the X, Y, and Z axes respectively; 
S4, S5, and Ss, the three shearing strains; 7), T2, 73, the three tensional stresses; 7's, 7's, 
and 75, the three shearing stresses; #,, H,, Ez, the three fields; Dz, Dy, Dz, the three elec- 
trical displacements which at the outer surfaces are equal to the surface charge 47oz, 
4iroy, and 47oz. In egs units the elastic, piezoelectric, and dielectric constants have the 
values (see Mason, “‘Quartz Crystal Applications,” B.S.7.J., Vol. XXII, No. 2 [July 


1943]): 
sy2 => 127.9 mK 10714 x cem?/dyne 
sult 1535 
813” = —11.0 
su! = —44.6 (6) 
$23 = 95.6 
Sag? = 197.8 
SeeZ = 2(su” — sp”) = 286.5 X 10714 
AS Ar statcoulomb 
dy = —6.76 X 1078 statcoulomb/dyne (A aliens Serco re 
statvolt 
Ga = 12.00) <LOne e; = 4.70 


for the mks system the elastic compliances are multiplied by 10, the piezoelectric constants 
divided by 30,000, and the dielectric constants multiplied by the factor 8.85 X 10~%, 
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X-CUT CRYSTALS. These equations are useful in predicting the type of motion 
that will be generated in a given type of cut and the magnitude of the electromechanical 
coupling. For example, the first equation of eq. (5) shows that a strain S$), which is an 
elongation along the X axis, will be generated by a field applied along the X axis. The 
applied field will then generate a thickness longitudinal mode since the motion is in the 
same direction as the applied field. If the thickness is made small this type of crystal can 
produce a very high frequency, and it was originally used to control oscillators. Because 
of their poor temperature coefficient, such crystals have largely been replaced in the 
control of oscillators by AZ’ and BT thickness shear mode crystals which have much 
better properties. X-cut crystals, however, will produce ultrasonic vibrations in solids, 
liquids, and gases, and such waves have been used in studying the properties of these 
materials and also in flaw detectors (see Firestone, J. A.S.A. [January 1946]) which deter- 
mine whether any cracks or irregularities occur in metal castings. For this purpose it is 
desirable to transform as much input electrical energy as possible into mechanical energy. 
A measure of the efficiency of this conversion for statically or slowly varying applied fieids 
is the electromechanical coupling factor k, which is defined by the equation 


4 Ez 
k = dy\—“"~ = 0.095 (7) 
Ey 


where ¢;;” is the effective elastic constant for a thickness mode. This is equal to 
cu” = 8.60 X 104 dynes per cm? (8) 


Inserting the values given in eq. (7), we find that the coupling is about 9.5 per cent. This 
means that, for a static field, the square of k or about 1 per cent of the input energy is 
stored in mechanical form. For alternating fields near the resonance of the crystal a 
considerably larger part, in fact, nearly all, can be converted into mechanical energy if 
the shunt capacity is tuned by a coil, but, nevertheless, the coupling is a measure of the 
width of the frequency range for which this conversion can be done efficiently. If fz is 
the highest frequency and f4 the lowest frequency for which the loss is not more than 50 


per cent it can be shown that 
hee Sad 
fae Neate 2 


Some synthetic crystals such as lithium sulfate and Z-cut Rochelle salt have coupling 
factors of 0.35 to 0.4 and are to be preferred when it is desired to radiate a wide band of 
frequencies, but for high frequencies X-cut quartz is commonly used on account of its 
excellent mechanical properties. 

The second equation of (5) shows that a strain Se, which is an elongation along the Y 
axis, is excited when a field is applied along the X axis. Since the long direction of the 
erystal is taken along this direction this mode of motion is called a length longitudinal 
mode. It has been used to some extent to drive low-frequency oscillations in gases, liquids, 
and solids. Two modifications of this cut have received considerable use in the construc- 
tion of quartz crystal filters. These cuts are the —18° X-cut crystal and the +5° X-cut 
erystal shown by Fig. 3. The —18° cut is used because it produces a very pure frequency 
spectrum giving only a single resonance over a frequency range of 3 to 1 (see W. P. Mason, 
Electrical Wave Filters Employing Quartz Crystals as Elements, B.S.T.J., Vol. XIII 
~~ [July 1934]). The +5° X-cut crystal is 

used because it is the best orientation of 
the X cuts for giving a low temperature 
coefficient of frequency. By putting a 
divided plating on the crystal as shown by 
Fig. 4 this crystal can be driven in a flexure 
mode at much lower frequencies than can be 
realized with a longitudinal mode. It has 
Fie. 4. Plating Arrangement for Driving a been used for picking off single-frequency 
Longitudinal Crystal in Flexure pilot channels for controlling the gain of a 

carrier system. 

The temperature coefficient of the +5° X-cut used for both longitudinal and flexure 
modes can be improved by rotating the thickness around the length of the erystal. This 
results in the MT and NT crystals shown by Fig. 3. These have temperature coefficients 
under one part in a million per degree centigrade but a smaller coupling than the equivalent 
+5° X-cut crystals. (See Mason and Sykes, Low Frequency Quartz Crystal Cuts Having 
Low Temperature Coefficients, Proc. I.R.E., Vol. 32, No. 4 [April 1944].) 

Y-CUT CRYSTALS. When a field H, is applied along the Y axis, eq. (5) shows that 
two types of strain are generated, S; and S;. Both these strains are shearing strains which 
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distort a square in the crystal into a rhombus as shown by Fig. 5. The Ss strain, shown 
in Fig. 5, distorts the crystal in the XZ plane; the S, strain distorts the crystal in the XY 


plane. Since the field is applied along the thickness, 
which is the Y direction, the first strain Ss is called a 
face shear strain and Ss a thickness shear strain. The 
frequency of a face shear mode is controlled by the con- 
tour dimensions and hence will be relatively low. The 
frequency of the thickness shear mode is controlled by 
the thickness dimension} which can be made very small 
and hence will result in a high frequency. 

The Y-cut crystal was first used in the control of high- 
frequency oscillators but on account of its high temper- 
ature coefficient has largely been displaced by the AT’ 
and BT crystals which are modified Y-cut crystals. The 
Y-cut crystal is still used to generate shear vibrations in 
solids. For this purpose it has a higher coupling than the 
X cut, since the coupling for the shear thickness mode is 


4 E 
rage 2a] ON 49 (10) 


Method for Obtaining a 


Longitudinal Vibration from a Shear 


Crystal 


Rotations of the thickness direction around the X axis have resulted in rotated Y cuts 
that have very favorable properties. Investigations made by Lack, Willard and Fair, 
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Koga, Bechmann, and 
Straubel have shown 
how the properties of the 
thickness shear mode 
varied with angle of cut. 
As shown by Fig. 3 all 
the orientations result- 
ing in useful crystals 
have their length along 
the X axis and their 
thickness makes an angle 
6 with the Y axis. Fig- 
ure 6 shows the fre- 
quency constant (kilo- 
cycles for a crystal 1 mm 
thick) as a function of 
the angle of rotation. 
At an angle of rotation 
of +31° and —59° the 


frequency is minimum and maximum respectively. At these two angles, the mechanical 
coupling between the thickness shear mode, and the face shear mode and overtones, be- 
comes zero and a crystal is obtained which is much freer from extraneous modes of motion 


than is the Y cut. Fig- 
ure 7 shows a plot of 
temperature coefficient 
against the orientation 
angle, and at 35° 15’ and 
—49° crystals are ob- 
tained which have zero 
temperature coefficients. 
These cuts, known as the 
AT and BT crystals re- 
spectively, have been 
very widely used to con- 
trol high-frequency oscil- 
lators. Frequencies as 
high as 10 megacycles 
are used for fundamental 
control, and by means 136) 
of mechanical harmonics -80 -60 -40  -20 
frequencies as high as 197 


120 
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megacycles have been Fia.7. Temperature Coeflicients for Rotated Y-cut Quartz Crystals 
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obtained. (See Mason and Fair, A New Direct Crystal Controlled Oscillator, Proc. I.R.E., 
Vol. 30, 464-472 [October 1942].) 

Since the AT and BY are relatively near in angle to the AC and BC cuts they have a 
good frequency spectrum. Strong couplings still exist to flexure modes of motion. By 
measuring the modes of motion as a function of the length, width, and thickness, dimen- 
sional ratios can be obtained for which only the main mode exists for a large frequency 
range on either side of the main frequency. (See Sykes, Modes of Motion in Quartz 
Crystals, B.S.7.J., Vol. XXIII, No. 1 [January 1944].) By maintaining this ratio fixed 
as the thickness is changed, a good crystal free from resonances over a wide temperature 
range is obtained. Crystals produced by the process of grinding to a set of predetermined 
dimensions are called predimensioned crystals and usually result in a higher-activity 
crystal and one having a smooth temperature frequency curve over a wide temperature 
range. 

Another manufacturing process called the edge grinding process is sometimes employed. 
This consists in controlling the thickness dimension only and in removing troublesome 
couplings by grinding the edges of the crystal until the crystal has a high activity and is 
free from frequency hops over a temperature range. This process may be quicker for 
crystals that do not have to satisfy stringent activity and temperature requirements but 
is not likely to produce as satisfactory crystals as the predimensioning process. Thickness 
vibrating crystals may either be ground or etched to frequency. On account of an aging 
which appears to be due to loosely bound and misoriented layers of quartz on the surface 
caused by sawing and lapping processes, it has become customary to etch crystal surfaces 
to frequency, since this process removes the loosely bound material and leaves a surface 
that does not age appreciably. The aging appears to be caused by the attack of water 
vapor on the strained surface which results in either loosening or removing the strained 
material. The first process causes a lowering of the Q of the crystal (ratio of reactance to 
resistance) and a consequent lowering of the activity of the oscillator controlled by the 
crystal; the second process causes an increase in the frequency of the crystal. Aging can 
be prevented by etching the crystal surface to a depth of several microns or by hermetically 
sealing the crystal. 

Two other methods of adjusting the frequency of crystals have been employed. One 
(see Sykes, High Frequency Plated Quartz Crystal Units for Control of Communications 
Equipment, Proc. I.R.H., Vol. 34, No. 2 [February 1946]) etches the crystal frequency 
above the desired frequency by a predetermined number of kilocycles and then lowers 
the frequency by plating; by an evaporation process an amount of metal necessary to 
load the crystal down to its desired frequency is added to the crystal. By this method the 
frequency can be very accurately controlled in the final mounting. The other method 
utilizes the recently discovered fact that exposure to X-ray irradiation lowers the elastic 
constant of BT and AT crystals and hence lowers their frequency of oscillation (see 
Frondel, Effect of Radiation on the Elasticity of Quartz, Am. Mineralogist, Vol. 30 [May 
1945]). The effect is produced by electrons being expelled from orbits around silicon 
atoms in the quartz and causing a lower energy of binding between molecules and hence a 
slightly lower elastic constant. This effect amounts to 0.1 per cent frequency change at 
the most and varies by considerable factors from crystal to crystal, presumably owing to 
the amount of their impurity content. Exposure to X-rays causes a darkening of the 
crystal, and the amount of darkening appears to be correlated with the amount of fre- 
quency change. On account of the variability of the effect, this process has not had a 
wide use. 

Two other rotated Y-cut crystals that can be given zero temperature coefficients are 
the CT and DT face shear cuts (see Willard and Hight, Proc. I.R.E., Vol. 25, 549-563 
[1937]). These are nearly at right angles to the AT and BT cuts and use the sare shearing 
moduli in the face shear mode that the AT and BT do in the thickness shear mode. The 
CT cut at +38° orientation as shown by Fig. 3 has a frequency constant of 308 ke-em for a 
square crystal and has been used in frequency-modulated oscillators in the frequency range 
from 300 to 1000 ke. The DT crystal is smaller for the same frequency and is used in the 
frequency range from 200 to 500 ke. Both these crystals had wide application in frequency- 
modulated oscillators for tank and artillery radio circuits during World War II. ° 

The final rotated Y-cut crystal that has been used considerably for controlling very 
precise oscillators for time standards and in the Loran navigation system is the GT crystal 
(see Mason, A New Quartz Crystal Plate, Designated the GT, Proc. I.R.E., Vol. 28, 20- 
223 [May 1940]). This crystal is produced, as shown by Fig. 3, by rotating the plane 
by 51° 7.5’ from Y and by rotating the length 45° from the X axis. Whereas most other 
zero-temperature-coefficient crystals have a parabolic variation of frequency with tem- 
perature about the zero temperature coefficient as shown by Fig. 8, this parabolic variation 
is absent for the GT and a very constant frequency is produced over a wide temperature 
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range. Hence a very moderate temperature control produces a very constant frequency. 
A crystal mounted by means of several wires soldered to its surface (see Greenidge, Mount- 
ing and Fabrication of Plated Quartz Crystal Units, B.S.T.J., Vol. 23, 234 [July 1944]) 
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is very stable, is little affected by shocks, and ages very little over a long period of time. 


It 


constitutes an oscillator that maintains its frequency to 1 part in 10° or better over long 


periods of time and has made possible the precise timing necessary in the Loran system 


and in very stable time standards (see 
Spencer Jones, Endeavor, Vol. 4, No. 16 
[October 1945]). X-CUT CRYSTAL 


34. PROPERTIES OF 
ROCHELLE SALT 


Rochelle salt is sodium potassium tar- 
trate with four molecules of water of 
crystallization (NaK.C4H4O, - 4H2O) and 
forms in the orthorhombic bisphenoidal 
class. The usual form of the crystal is 
indicated by Fig. 9(a), which shows the 
directions of the X, Y, and Z axes. Since 
the crystal has water of crystallization it 
has a vapor pressure. As shown by Fig. 
10, lower line, if the humidity of the sur- 
rounding atmosphere is below 35 per cent 
at 25 deg cent, the water-vapor pressure 
of the crystal is greater than the vapor 
pressure of water in the surrounding at- 
mosphere and the crystal will lose water 
and dehydrate. This causes a white 
powder of dehydrated material to form on 
the outside of the crystal which will ruin 
the operation of the crystal if it becomes 
too large. The crystal is stable between 
35 and 85 per cent relative humidity. 
Above 85 per cent humidity the crystal 
will absorb water from the atmosphere On ural, Torsional, and Plate Shear Vibrations from an 
its surface and will slowly dissolve if kept X-cut Rochelle Salt Crystal 


(d) TORSIONAL X-CUT (e) SHEAR X- CUT 


Fig. 9. Methods for Obtaining Longitudinal, Flex- 
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in such an atmosphere. To minimize these humidity effects the crystals are often coated 
with waxes, which, however, retard rather than prevent the dehydration of the crystal. If 
the erystal can be hermetically sealed in a container with powdered crystalline Rochelle salt 
and dehydrated Rochelle salt, it can be made to last indefinitely. The powdered salt will 
give up water if the temperature rises and the dehydrated salt will take up water if the 
temperature lowers, and the two will maintain a humidity that approximates the lower 
curve as a function of temperature. At a temperature of 55 deg cent (130 deg fahr) the 
crystal breaks up into sodium tartrate and potassium tartrate with the evolution of one 
mole of water which dissolves the two crystals in a liquid solution. If this solution is 
rapidly supercooled it remains quite fluid for a number of minutes before it crystallizes 
and hardens. This ‘‘melted’”’ Rochelle salt forms a very stiff glue that has been used,to 
glue together pieces of Rochelle salt. 
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Between the temperatures of —18 and +24 deg cent Rochelle salt has ferroelectric 
properties. By this is meant that it becomes spontaneously polarized in the +z direction. 
A small applied field causes a large change in polarization and one which follows a hysteresis 
loop as does a ferromagnetic material. Since the piezoelectric strain is proportional to the 
polarization, a large distortion of the crystal occurs. Hence Rochelle salt is principally 
used when a large motion is required for a small applied voltage. The displacement, how- 
ever, shows a hysteresis effect and varies considerably with temperature for a given applied 
voltage. The piezoelectric equations for Rochelle salt can be written in the form 


Si = suTi + seT2 + 81373 BE, = —guTs + BuTD; 
So = sypTi + S272 + $2373 E2 = — g5Ts + Boo? Do 


S3 = 81371 + 80372 + 83373 Es = —gz6T's + B33? D3 
Dz 
Ss = su?T, + bit Soren (11) 


4r 


D 
Ss = 8557s + go5—* 
4nr 


Dz 
Se = see?T'5 + g36 — 
An 


where in cgs units the constants have the values 


su = 5.18 X 107” cm? per dyne sue = 7.98 <~10n= ge = 48 X 1078 

Se = 3.49 X 10 2 Ss? = 32.8 X 10-2 eof = pF = 10.0 
Boo? 

$33 = 3.34 X 10-2 Ses? = 10.08 X 10-2 e3f = 5 = (10.2 

s2 = — 1.53 x 10-2 Ee 62 x 10-8 é 

apes C168 gos = 170 X 1078 


$23 = — 1.03 DK 10-2 


For the mks system the elastic compliances are multiplied by 10, the piezoelectric constant 
g is multiplied by 3 X 10°, and the dielectric constants are multiplied by 8.85 X 107. 
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The only constant in the above equations that varies widely with temperature and field 
strength is the dielectric constant «17 (the inverse of Bu"). For low field strengths and 
frequencies above 1 ke, the dielectric constant as a function of temperature is shown by 
the dotted line of Fig. 11. It rises to very high values at the two Curie temperatures — 18 
and +24 deg cent. For high field strengths the dielectric constant, as shown by the solid 
line of Fig. 11, measured by the average slope of the hysteresis loop, becomes larger be- 
tween the Curie points than it is at the Curie temperatures. 

USEFUL CUTS IN ROCHELLE SALT. The cut most widely used is the X cut, which 
as shown by Fig. 9(6) is cut with its major face normal to the X axis. Ifa voltage is applied 
to this cut it shears so that the square changes into a rhombus. By cutting the crystal 
length 45° from the crystallographic Y and Z axis, a crystal is obtained which elongates 
along one direction and contracts along the width. This cut which is known as the 45° 
X cut is widely used in producing longitudinal vibrations. By combining two longitudinal 
crystals as shown by Fig. 9(c) a “bimorph”’ crystal is obtained which bends. This has a 
much lower frequency than a longitudinal crystal and is used in voice-frequency apparatus 
for picking up and reproducing sound. Figure 9(d) shows a combination of two X-cut 
crystals used to produce a twisting motion. The center faces of the two crystals form one 
set of electrodes and the two outside electrodes the other pair so that two opposing face 
shears are applied to the combination. This causes the whole crystal to twist and produces 
a torsional motion in the pair. Finally Fig. 9(e) shows two thin face shear X-cut crystals 
which, when they are clamped on three corners, produce a large motion at the fourth 
corner. All three of these bimorph type-crystals have been used in such devices as phono- 
graph pickups, microphones, headphones, loudspeakers, surface-roughness analyzers, 
and light valves and have many other applications. 

For a 45° X-cut crystal the equations applicable for the extension are 


Ds 
St = sx/PT, + gi — 
4a 


(12) 
E, = —gTi + 6:'D:z 
where S; is the strain along the length, T7 the stress applied along the length, g; the effective 
piezoelectric constant for the 45° axis, and 87 the impermeability (inverse of the dielectric 
constant) which is measured when the crystal is free to move. In egs units the above 
constants have the values 


Soo’P = 3.16 X 107 cme per dyne; fay = BM SS a 


(13) 
while the free dielectric constant, which is the inverse of 67, has the value shown by Fig. 11 
for low applied fields and for high fields (500 volts per centimeter). Equations (12) can 
be used to predict the action of the crystal under static conditions or at frequencies much 
lower than the resonant frequencies of the crystal. For example, if we wish to find the 
response of the crystal as a microphone, the second equation states that, for open-circuit 
conditions for which the charge on the surface, and hence the electrical displacement Dz, 
is zero, the potential generated for a given pressure (negative of the tension 7’) is 


ak 
=; 


Since the electrostatic unit of potential, the statvolt, is 300 volts, the volts generated per 
dyne per square centimeter pressure are 


Eyotts = 31 X 1078 X 300 Xl; X p = 9.10 X 10> volt per dyne per sq. cm. for 
a crystal 1 em thick (15) 


Since the voltage generated for a given pressure is directly proportional to the gz constant, 
which is one-half the appropriate shear constant, eqs. (11) shows that a 45° Y-cut crystal, 
which will have a gy piezoelectric constant equal to 1/2 X 170 KX 107-8 = 85 X 1078, will 
generate about 3 times the open-circuit voltage for the same pressure that a 45° X-cut 
erystal will. The 45° Y-cut has been used to some extent as a microphone and as a trans- 
ducer in underwater sound equipment for transforming electrical into mechanical energy. 
When the crystal is used as a microphone working into a low impedance, the Y-cut will 
not deliver as much voltage as an X-cut crystal on account of the very low impedance 
(high capacity) of the X-cut crystal, but the voltage that it does deliver is not a function 
of the temperature as is the voltage of the 45° X-cut. 

By eliminating D, from eqs. (12), the strain S;, which is the expansion per unit length, 
can be expressed in terms of the applied field as 


25 Le Fld 
St = | sx? + ee |r ar oe 
Ao Ar 


Ez = gi1T, = 31 X 107-8 (pressure in dynes per cm?) (14) 


E, (16) 
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In the absence of an external stress 77 the total free displacement of 1 volt applied is 


T 
d = Si = 1.03 x 10° = (17) 
4r |; 
This displacement as a function of the volts per inch applied is shown by Fig. 12 for several 
different temperatures. Outside the Curie region the displacement is much less since the 
dielectric constant €,7 is so much smaller, particularly for large fields. 

When two crystals are glued together to form a bimorph unit it has been shown (see 
W. P. Mason, Electromechanical Transducers and Wave Filters, p. 214, Van Nostrand) that 
the displacement of the component longitudinal crystals is multiplied by the factor 
31/l:, where I is the length of the crystal and J; the total thickness of the two elements. 
This is a method of enhancing the total displacement of the unit at the expense of a con- 
siderable lowering of the resonant frequency of the device. Since the dielectric constants 
of the two crystals glued together will be less than the free dielectric constant of Fig. 11 
and will approach the dielectric constant of the clamped crystal shown by Fig. 13, the very 
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large temperature and saturation effects noted for the free crystal will be considerably 
reduced for the bimorph type. However, the response may vary by a factor of 5 for a 
wide temperature range. A typical response in the ferroelectric range for a bender unit 
1 1/2 in. long, 3/4 in. wide, and 0.040 in. thick is 


33 volts 0.002 in. 
77 volts 0.0045 in. 
125 volts 0.006 in. 
140 volts 0.0056 in. 


The displacement for any other shape unit will vary in proportion to the factor (l/l)? and 
will be independent of the width. 

When such units are used as voltage generators as in phonograph pickup devices, the 
mechanical impedance of the device is very considerably lowered over what would be 
obtained with a clamped longitudinal device. The response can be calculated by deter- 
mining how much strain is generated by a given motion and calculating the voltage from 
eqs. (12). A typical unit 0.030 in. thick, 11/1, in. long, and 7/16 in. wide will give an output 
as high as 1 volt when played from a phonograph record. This response will be relatively 
independent of the temperature when the device is worked into the grid of a vacuum tube. 


35. PROPERTIES OF AMMONIUM DIHYDROGEN 
PHOSPHATE (ADP) 


Ammonium dihydrogen phosphate, which has been given the abbreviation ADP, is 
one member of four isomorphous salts whose dielectric properties were first investigated 
by Busch (Neue Seignette Elektrica, Helv. Phys. Acta, Vol. 11, No 3 [1938]). Two members 
of this group, namely, potassium dihydrogen phosphate and potassium dihydrogen 
arsenate, were found to have ferroelectric effects at 121 and 91 deg absolute temperature. 
Of these isomorphous crystals ADP was the crystal which had the largest piezoelectric 
coupling (about 30 per cent), and it was widely used during World War II as the trans- 
ducing element for underwater sound projectors and hydrophones. It appears likely 
that, for devices that transform mechanical vibrations into electrical vibrations—phono- 
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graph pickups, microphones, etc.—ADP will give superior results to Rochelle salt and 
may eventually replace it for such applications. For devices that have to produce a large 
motion for a given voltage, however, Rochelle salt is still the only crystal that has a 
large enough dy4 constant to be of interest. 

ADP crystallizes in the tetragonal scalenohedral class with the habit shown by Fig. 14. 
The c or Z axis lies along the long direction of the crystal; this is an axis of fourfold alter- 
nating symmetry. The X and Y axes lie normal to 
the prism faces; they are axes of two-fold symmetry. Z 
Since the properties of crystals cut normal to these 
two surfaces are identical it is a matter of conven- 
tion which is called X and which Y. The two 
diagonal axes, labeled P; and P», can be distinguished 
by piezoelectric tests, and P; has been taken as that 
axis along which a positive stress (tension) produces 
a positive charge at the positive (i.e., the upper) end 
of the Z axis. With the Z axis vertical and the P; 
axis toward the observer’s right hand, the X axis 

- has been taken as the axis that runs from front to 
back of the crystal and the Y axis the one that runs 
from left to right. 

ADP, which has the chemical formula NH4H2POs,, 
has no water of crystallization and hence will not 
dehydrate when the humidity becomes low. At 
about 93 per cent humidity, the crystal will del- 
iquesce and will pick up water from the atmos- 
phere. In practice it is necessary to keep the erys- py 
tal in an atmosphere for which the humidity is 50 e 
per cent or less since the water collected on the p 
surface provides a leakage path across the crystal 
edges which becomes low enough to cause trouble 
for humidities above 50 per cent. Owing to the hy- 
drogen bond system ADP also has a volume leakage 
which for a pure salt is shown by Fig. 15. For the 
Z-cut crystal having a dielectric constant of 15.7 
this leakage will impair the response only for fre- 
quencies below 1 cycle per second. However, cer- yg, 14, 45° Z-cut ADP Crystal and 
tain impurities introduced by the growing process Form of Natural Crystal 
can markedly decrease this resistivity, and for some 
applications it is necessary to specify a high resistivity. ADP can be taken up to 180 deg 
cent before it melts. However, ammonia is given off from the surface at temperatures 
above 100 deg cent, and since this impairs the adherence of the electrodes to the crystal 
surface it is desirable to keep the temperature of operation under 100 deg cent. The 
crystal, therefore, is useful under any likely ambient temperature conditions. 

The piezoelectric equations for ADP take the form 


z 


S, = suTi + s2T2 + 31373 Se = se? 75 + S36 


An 
Se = 8seTi + suT2 + 3373 E, = BDz — guTs 
S3 = 81371 + 81372 + 83373 Ey, = Bi7Dy — guTs (18) 
D 
Sg = syPT, + gua Ez, = B3™Dz — gz6Ts 
D 
Ss = su?Ts + gu— 


4a 


where in cgs units the constants have the following values: 


sy = 1.74 & 107” cm? per dyne su? = 11.4 X 107” cm? per dyne eq? = 59.0 
Spu— Osmo 10 q2 See? = 14.7 X 107? ef = 15.7 

$13 = —1.1X 10-2 £4 = 1.06 X 1078 (19) 
833 = 4.35 X 10-2 gu = 118.5 X 10-8 


USEFUL CUTS FOR ADP CRYSTALS. Since the gz. constant is so much larger than 
the gi4 constant in ADP it is obvious that most of the useful cuts will be those that are 
normal or nearly normal to the Z axis. A crystal cut normal to the Z axis will generate a 
face shear motion similar to that shown by Fig. 9(b) for Rochelle salt. Hence by cutting 
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the length 45° from the X and Y erystallographic axes a longitudinal motion may be pro- 
duced. The Z and the 45° Z cut are the principal ones used for ADP crystals. The Z cut 
has been used in’generating face shearing modes and in the production of torsional crystals. 
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Temperature ADP Crystal as a Function of Thickness 


The 45° Z-cut crystal has been used as the transducing element in underwater sound equip- 
ment and in microphones, in phonograph pickups, and in devices for transforming mechan- 
ical energy into electrical energy. 

The equations of motion of a 45° Z cut take the form 


D 
St = sx22/T1 + g1 — (20) 
An 


Ez, = —giTi + Bs'D, 


where gz = g3¢/2 = 59.2 X 1078; so? = 4.72 X 10~” cm? per dyne; 


1 
T is 
6S a Vou 
Bs? 
When a crystal 1 cm thick is used as a voltage-generating device the number of volts gen- 
erated on open circuit per dyne per square centimeter is 


Ervolts = Ls 10% volt (21) 


This is larger than for 45° X-cut Rochelle salt. On account of the lower dielectric constant. 
this crystal has to be worked into a higher impedance than Rochelle salt to obtain the 
same output. Crystals of this sort are replacing Rochelle salt for applications such as 
microphones and phonograph pickups on account of their greater chemical stability and 
their ability to withstand wide temperature variations. 

The electromechanical coupling factor of ADP is given by the formula 


T 
k= sie | = 0.3 (22) 
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As can be seen from eq. (9) these crystals can convert electrical into mechanical energy, 
or vice versa, efficiently over a frequency range of 
fp = 1.36 (23) 
fA 
Considerable amounts of power can be transformed from electrical into high mechanical 
impedance systems. The crystal limitations are the breaking strain and the voltage 
gradient that the crystals will stand. Experiments with ADP crystals show that they 
will break if the strain exceeds from 4 to 10 X 1074 em per em. The voltage gradient 
that they will stand before a voltage puncture occurs is a function of the thickness of the 
crystal. Figure 16 shows the voltage gradient that will produce a puncture on the average 
crystal. It can be shown that the particle velocity on the end of a quarter-wavelength or 
half-wavelength crystal is equal to 


€=7Smu or £ = 3.3 X 108% (24) 


where é is the particle velocity, v is the velocity of propagation, and Sy is the maximum 
strain that the crystal will suffer. This maximum strain occurs at the middle of a half- 
_wavelength unit or at the glued joint of a quarter-wavelength unit. Since the crystal is 
stronger than most of the adhesives that can be used to attach it to high-mechanical- 
impedance solid materials, the half-wavelength crystal can be used to produce more power 
output than the quarter-wavelength unit. The two types of units are shown by Fig. 17. 
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Fie. 17. Quarter- and Half-wave Transducers 


‘The quarter-wavelength unit is glued to a heavy metal backing plate and radiates its 
energy from its free face. A half-wavelength unit, on the other hand, works into a low 
mechanical impedance on one end and radiates its energy from the other end. For a 
half-wavelength unit the maximum strain that the crystal can safely stand is 4 XK 1074, so 
that the maximum particle velocity obtainable for an ADP crystal is about 


Em = 132 cm per sec (25) 


If the particle velocity is working into a high mechanical impedance such as the radiation 
impedance of water, which is R X 1.5 X 105 mechanical ohms per square centimeter, the 
energy radiated with this particle velocity is 


Evergs/sec/sa/em) = &m2?R = 2.6 X 10° ergs per sec per sq cm (26) 
= 260 watts per sq cm 


This power usually exceeds the power allowed by the voltage puncture limit (unless the 
crystals are made very thin) and this is the usual crystal limitation. 

It can be shown that for a half-wavelength ADP crystal radiating into a mechanical 
load of Ry mechanical ohms per square centimeter (ratio of force in dynes per square 
centimeter to velocity in centimeters per second) the power radiated in watts per square 
centimeter is given in terms of the voltage gradient in volts per centimeter and the mechan- 


ical load Ry by the equation 


2 
Power = pecs (half-wavelength radiator) (27) 
24Ru 
For a quarter-wavelength unit, the power radiated is one-fourth of this for the same voltage 
gradient or ae 
Power = (BN) (28) 


96Rm 
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Hence if we know the limiting voltage gradients, the amount of power that the crystal 
will radiate before it punctures can be calculated. For example, if a half-wavelength 
radiator is working into the radiation impedance of water and is made up of crystals 0.25 
em thick, the crystals should withstand a voltage gradient of 50,000 rms volts per centi- 
meter. From eq. (27) the power radiated should be 660 watts per square centimeter 
before dielectric breakdown occurs. Crystal fracture then becomes the limiting factor. 
In practice the limitation of power does not lie with the crystal but occurs in the medium 
if this is liquid or in the glued joint if a solid is used to transmit the power. A usual figure 
for continuous power is 5 watts per square centimeter. If the crystal is to radiate into a 
gas such as air, the limiting power is invariably determined by the limiting strain that the 
crystal can stand before it breaks. From eq. (28) the maximum amount of power that 
can be radiated into air by an ADP crystal is 0.075 watt per square centimeter since the 
radiation impedance of air is 43 ohms per square centimeter. A crystal is not an efficient 
means for exciting an air vibration. 

Since the limiting particle velocity for an ADP crystal is about 130 cm per sec, a crystal 
cannot be used directly to produce very high strains in metals or terminal velocities 
approaching the speed of sound. If, however, a crystal mosaic is glued to a metal rod 
tapered exponentially like a horn, a very high strain and a very high terminal velocity can 
be produced at the small end. Figure 18 shows a construction proposed by the writer for 


a =“2 WAVELENGTH 
(WHERE N=INTEGER) 


HALF-WAVE CRYSTAL eee a 


7 


Fic. 18. Mechanical Horn for Producing a Large Strain in a Metal Sample 


testing fatigue in metals. A crystal mosaic several inches in cross-section is glued to a 
steel rod which tapers from the crystal area down to a thickness of 0.05 in., after which it 
increases in diameter. The taper is an exponential function of the length and must 
satisfy the relation 

Qrf 


LM sare (29) 


where the taper 7 is determined by the equation for the area 
S= Soe 27? (30) 


where f is the resonant frequency of the crystal, and v, the velocity of sound in the steel. 
If the total length of the steel piece is made an integral number of half wavelengths of 
the frequency, the glued joint will come at a loop of the motion and will not be appreciably 
strained. The whole system will act as a resonant system and will produce a considerable 
motion for small applied voltages. The steel section adjacent to the crystal will have 
the same particle velocity as the crystal surface. Now it can be shown that the strain in 
the bar of uniform section at the nodal point (point of maximum strain) is equal to 
FA 

‘Si 5, (31) 
where 2, is the velocity of propagation of the wave in the steel and é the particle velocity 
at the surface. The effect of the tapered section is to increase the particle velocity in 
inverse proportion to the diameter. Hence if the diameter decreases from 2 in. to 0.05 in. 


the velocity is multiplied by a factor of 40 and the strain at the nodal point is equal to 
v 
Ss = 40 X a (32) 


where S, is the strain in the steel, 8, the strain in the crystal, v, the velocity of propagation 
in the crystal (3.3 X 105 cm per sec), and v; the velocity of propagation in the steel (about 
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5.1 X 105 cm per sec). Hence, for a strain of 4 X 10~4 in the crystal, a strain of 0.01 can 
be generated in the steel. This is sufficient to cause plastic deformation in the steel, and 
by gradually increasing the drive on the crystal the fatigue properties of the steel can be 
investigated at a high rate of strain and of velocity. 

This same system can be used to produce a high particle velocity on the small end of 
the steel bar. The only limitation is the strain that the metal will stand. Other uses 
appear to be delivering a large amount of power for a small area. By mounting a torsional 
crystal on the large end of the bar a torsional vibration can be given to the bar and the 
properties of the material under shearing strain can be tested. An ADP erystal can be 
made to vibrate in torsion by using the electrode system shown by Fig. 19. The inside 


z 


(a) (b) 


Fie. 19. Method for Cutting an ADP Crystal to Obtain a Torsional Oscillation 


surface is covered by one electrode while the two outside electrodes, each of which covers a 
90° segment, are connected together and form the other electrode. The centers of the 
two outside electrodes are normal to the Z axis, and the field is directed out from the 
center for both electrodes as shown by Fig. 19(b), thus producing a shearing motion for 
one segment and the opposite shear on the other segment so that the whole crystal is 
given a torsional motion. 
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GEOMETRICAL OPTICS 


By D. W. Epstein 


Geometrical optics is mainly concerned with the geometrical relations of the propaga- 
tion of radiant energy. 

Neglecting quantum effects, the propagation of radiant energy is governed by Maxwell’s 
equations. Fermat’s principle of least time, which is the fundamental law governing the 
propagation of “rays” in geometrical optics, follows from Maxwell’s equations if the 
wavelength of the radiation is allowed to approach zero. Although geometrical optics 
applies strictly only to the propagation of radiation of zero wavelength, it provides a very 
good and extremely useful approximation to any case where the wavelength is negligibly 
small in comparison with the smallest linear dimension of the apparatus. 

Fermat’s principle of least time states that the path traversed by light in passing be- 
tween two points is that which will take the least time. The general law expressed by 
Fermat’s principle is also known as the law of extreme path. It is stated mathematically as 


B , 
5 S, NdS = 0, (1) 
Mf = : = index of refraction. 
C = velocity of radiation in vacuum. 
V = velocity of radiation in medium. 
dS = element of path length. 


The product of index of refraction and path length, N dS, is known as the optical length 
of a “‘ray of light”’ or optical distance. Equation (1) states that a light ray going from 
point A to point B will always choose that path which will make the optical distance an 
extremum (generally a minimum but sometimes a maximum) with respect to all neigh- 
boring paths for rays of the same frequency. The laws of linear propagation, reflection, 
and refraction may be deduced from Fermat’s principle. 

Although the frequency is a constant for a given radiation, and its wavelength varies 
with the medium traversed, it has become customary to specify radiation, especially 
visible radiation, by its wavelength in vacuum. This is due to the fact that fundamental 
measurements yield wavelength rather than frequency. The units of wavelength com- 
monly used in optics are: 

micron (u) = 107° meter 


millimicron (mu) = 1079 meter = Neme- meebo 


angstrom unit (A) = 107° meter 
The visible spectrum extends from about 0.39 to 0.75 M3 or 390 to 750 mu; or 3900 to 
7500 A; or from abou .7 X 10 cycles per second. 


SA zh = 3x10% m ase"! 


1. REFLECTION AND REFRACTION 


When a beam of radiant flux or luminous flux strikes a boundary separating two homo- 
geneous isotropic media, it is in general partly reflected and partly refracted. If the bound- 
ary is smooth (relative to the wavelength of radiation), the following simple laws of refrac- 
tion and reflection apply (see Fig. 1). 

LAW OF REFRACTION OR SNELL’S LAW. The ratio of the sine of the angle of 
incidence to the sine of the angle of refraction is constant depending only on the indices of 
refraction of the two media; i. 


(2) 


The incident ray, the refracted ray, and the normal to the surface at the point of incidence 
all lie in the same plane. 


14-02 


REFLECTION AND REFRACTION 14-03 
z B 2 


\ . 


PQ = BOUNDARY OF TWO MEDIA 
P = POINT OF INCIDENCE 


AP= INCIDENT RAY PB = REFRACTED RAY 
ZP= NORMAL TO SURFACE PQ ATP T2 = ANGLE OF REFRACTION 
PB= REFLECTED RAY N, = INDEX OF REFRACTION OF 
I; = ANGLE OF INCIDENCE ee ste i aoe all EY ie 
T2 = ANGLE OF REFLECTION LOWER MEDIUM 
Tg=-], N, stn I, = N2sin Ie 
(a) (4) 


Fie. 1. Reflection and Refraction of Light Ray 
LAW OF REFLECTION. The angle of reflection is equal to the angle of incidence; i.e., 
Ig = -Ii (3) 


The incident ray, the reflected ray, and the normal to the surface at the point of incidence 
all lie in the same plane. 
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Fia. 2. Reflectance of Some Metals as a Function of Wavelength 


Reflection from smooth surfaces is called specular or regular reflection. If the boundary 
is between a transparent dielectric (air, glass) and a metal, then, in general, most of the 
incident flux is reflected. Figure 2 gives the specular reflectance (ratio of reflected to 
incident flux) of various metals as a function of wavelength. 
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The specular reflectance ry at the boundary of two transparent dielectrics is specified 
for normal incidence by Fresnel’s equation: 


(Na — Ni)? 
"2 = (Ne + Ny? 


where N, and WN» are the indices of refraction of the two media. 

Figure 3 shows the reflectance for unpolarized light as a function of angle of incidence 
for light traveling from a lower-index medium into a higher-index medium (No > Ni) 
It is seen that, as the angle of incidence is 
increased, the reflectance rises gradually 
at first, and then rapidly, until it becomes 
unity at the angle of incidence of 90°. 
The remainder of the incident flux enters 
the medium of index N»2 at the angle of 
refraction Jz given by Snell’s law, eq. (2). 

The Fresnel reflection can be greatly 
reduced by means of a transition layer 
between the two transparent dielectrics. 
For normal incidence and for a particular 
wavelength, the Fresnel reflection can be 
reduced to zero if, as in transmission lines, 
the index of refraction of the transition 


layer is N = V N,N» and the thickness of 
the layer is \/4. 

For light traveling from a higher-index 
medium into a lower-index medium 
(N2 < Nj), a similar behavior is observed 
up to a certain critical angle of incidence, 
the critical angle being determined by the 
condition that 


(4) 


No>Nn, 


10° 


to"! 
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N2 
M1 (5) 


since at this angle of incidence the angle 
= of refraction is 90° (sin Jz = 1). For 
10° 20° 30° 40° 50° €0° 70° 80° 90° angles of incidence greater than the criti- 
cal angle, the beam is totally reflected 

ANGLE OF INCI N ; ek i ss 
SEN CE LN MEDI into the initial medium. Table 1 gives 


Fie. 3, Fresnel Reflectance of Unpolarized Light asa the index of refraction and critical angle 
Function of Angle of Incidence and Relative Index of enerd lati ae lid 
Refraction for Light Traveling from Medium of Index ©! Mc1Gence re ative to air for some solids 


Nj into Medium of Higher Index N2 and liquids. 


sin J; = sinIc = 


10° 


Table 1. Index of Refraction and Critical Angle of Substances Relative to Air 


Solids Liquids, 15 deg cent 

Substance Np Te Substance Np Ie 
Magnesium fluoride........... 1.38 AGO2D6 Ali Wiciter ene eee eee ee renee 1.334 | 48° 33’ 
Quart ansed) eames eserve tors ort VAS Bic rg Soni ees lWE tlvers wate patee,etenceteteisde cucktceiest 135 Zen 4 dee 84 
(Pyrex (Glass) tteciseie << aie, <.sleniee 13474 | 42°%43" | Alcohol (Gthy]). 5.0.0 ches eee. 1.364 | 47° 9’ 
Methyl methacrylate.......... 1.49 42° 9’ Glycerine ercrmanetarornoen Retr 64 1.471 | 42° 50’ 
Potassium chlorides, ..--..- sen 1.49 42259) |l'Carbonibisulfides moderate cine 156300) 372 Siz 
Canadaibalsam. ene. ook ose 1.526 | 40° 57’ | Methylene iodide............. Wat 32e 35 cas 
Sodiumpchloride v1)... «tases 1.544 | 40° 22’ | 50% Methylene iodide & 50% 
Polystyrene: cern misies cess cie 1.59 38° 58’ PHOSPhOrUs=.weece eel ereretes 1.929 | 31° 14’ 
Wallemitevvomasniyictarrts.cre at BA 35° 47’ 
Calcium tungstate............ 1.92 MIO BEY 
VAIN Key stol-mnin Gon SAG On COO od 2.05 29° 12’ 
Zine sulfides sass ee erlosuts 2537) 24° 57’ 
Dismond rcs Gre erica 2.417 | 24° 26’ 
Cadiniumysulfidesnseeenimer a soy) 23°23 


DIFFUSE REFLECTION. If the boundary between two media is rough, specular re- 
flection can be considered to exist at a great number of small smooth areas oriented in 
various directions, and the reflected energy is distributed over a wide range of angles. In 
general, practical surfaces (boundaries) reflect partly specularly and partly diffusely. 
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Figure 4 illustrates this. Pure specular reflection is shown in (a); part specular and part 
diffuse, such as would occur at most matte surfaces, is shown in (b); pure or ideal diffuse 
reflection is shown in (ce). In perfectly diffuse reflection, the flux reflected per unit solid 
angle is proportional to the cosine of the angle measured from the normal to the surface. 
This statement is known 


as Lambert’s law. z 
DISPERSION. The Y Te 
variation of the refractive Tr | Te 


index of a substance with 
the wavelength (color) of 
the transmitted light is 
termed dispersion. The 
index of refraction of most pyre spECULAR REFLECTION PART SPECULAR AND PART 


glasses varies with wave- @) DIFFUSE REFLECTION DISTRIBU- 
length in a manner which TION AFUNCTION OF I, 


may be approximated by 
the dispersion formula of 
Cauchy: 


b 
N=atys; 


The refractive index of 
optical glass is generally 


measured with certain defi- IDEAL DIFFUSE REFLECTION 

nite wavelengths or lines DISTRIBUTION INDEPENDENT OF I, 
of the spectrum. It has (c) 

become customary to use Fie. 4. Specular and Diffuse Reflection 


the spectral lines A’ 

(0.7665 »); C (0.6563 uw); D (0.5893 vw); F (0.4861 uw); G’ (0.4341 uw). The differences in 
refractive index Np — No, Nr — Np, Ne — Nr, Np — Na’, and Ne — No are taken 
as a measure of the dispersion of the glass in the different parts of the spectrum. If a 
glass is specified by only one index of refraction Np is generally meant. A quantity 
related to dispersion which is in very general use utilizes the F (blue), D (yellow), and 
© (red) portions of the spectrum and is designated by: 


Np —- 1 


Var aig. 2S 


(6) 


The V values, Na’, Nc, Np, Ny, and No, for some Bausch & Lomb Optical Company 
glasses are given in Table 2. 


Table 2. Indices of Refraction and V-number of Some Optical Glasses Made by Bausch 
and Lomb Optical Co. 


rat Na’ No Np Ny Na Ve Np — 1 
Type of Glass 766.5 mp | 656.3 mu | 589.3 mu | 486.1 mu | 434.1 my ~ Ne— No 
Borosilicate Crown BSC-1...| 1.50578 | 1.50860 | 1.51100 | 1.51665 | 1.52114 63.5 
Crown C-1......} 1.51729 | 1.52036 | 1.52300 | 1.52929 | 1.53435 58.6 
Light Barium Crown LBC-1.| 1.53529 | 1.53842 | 1.54110 | 1.54746 | 1.55257 59.9 
Dense Barium Crown DBC-1.| 1.60439 | 1.60793 | 1.61100 | 1.61832 | 1.62421 58.8 
Crown Flint CF-1.......... 1.52217 | 1.52560 | 1.52860 | 1.53584 | 1.54178 51.6 
Light Barium Flint LBF-1...} 1.58110 | 1.58479 | 1.58800 | 1.59580 | 1.60212 53.4 
Extra Light Flint ELF-1....| 1.55086 | 1.55495 | 1.56850 | 1.56722 | 1.57447 45.5 
Barium Flint BF-2.......... 1.59682 | 1.60130 | 1.60530 | 1.61518 | 1.62345 43.6 
Tisbeubint eae ene a4 1.56425 | 1.56861 | 1.57250 | 1.58208 | 1.59011 42.5 
Dense Ming H-2ir ewe. 1.60684 | 1.61218 | 1.61700 | 1.62904 | 1.63929 36.6 
Dense Barium Flint DBF-1..| 1.60731 | 1.61242 | 1.61700 | 1.62843 | 1.63811 38.5 
Extra Dense Flint EDF-3...| 1.70555 | 1.71309 | 1.72000 | 1.73766 | 1.75304 29.3 


REFRACTION AND REFLECTION AT SPHERICAL SURFACES. Because of the 
relative ease of manufacture, most optical systems consist of a series of spherical surfaces, 
a plane being the limiting case of a spherical surface of infinite radius of curvature. By 
determining the plane containing the ray to be traced and the center of curvature, any 
problem of refraction or reflection at a spherical surface may be reduced to a problem in 
plane trigonometry. 
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SIGN CONVENTION. Referring to Fig. 5, let the paper represent the plane of inci- 
dence containing A;Q, the ray to be traced through the refracting surface, and C the center 
of curvature of the spherical surface. The signs of quantities in optical calculations have 
not been standardized, but the sign convention indicated in Fig. 5 is very widely used. 


Fic. 5. Refraction at a Spherical Surface 


Distances measured to the right of the pole A (or center of curvature C) are positive; 
those to the left of the pole A are negative. Distances above the axis are positive, and 
those below the axis are negative. Angles shown clockwise are positive; those shown 
counterclockwise are negative. 

EXACT RAY TRACING EQUATIONS. Using the above sign convention, the stand- 
ard ray tracing equations given below follow from the law of refraction and plane trig- 
onometry. It is assumed that the quantities Ni, Ne, R, and S; (or Pj) are given and that 
U, is assigned an arbitrary value for each ray. The problem is to find Ji, Jz, U2, and S2 
(or P2). 


. S:-Rk., Pie 

sin I; = “ sin U1 = @ sin U1 (7) 
: Nim 

sin Iz = wy, 50 Ty (8) 
U2 = U14+ 11 — Ie (9) 

CAS ay ey ae (10) 


In dealing with a complete optical system with many surfaces the results of one surface 
are taken as the initial data for the next surface. The following equations which may also 
be derived with the aid of Fig. 5 have been found very useful in optical calculations: 


P2N2 sin U2 = PiN, sin U, (11) 
U=U14+h = U2+I2 (12) 
h = Rsin Uo (13) 
NicosI; NecosIz2 Necos I2 — Nicos Ty 
Pr, a ei ee tae put aan, COS Uo (14) 
Since at reflection Iz = —J;, sin Jz = — sin J;, the law of reflection may be treated math- 
ematically as a particular case of the law of refraction, i.e., where No = —N ;. Hence the 
refraction formulas given above apply to the case of reflection at a spherical surface by 
simply letting Ne = —N,, Thus for a spherical mirror, the above equations become 
(Fig. 6): 
, Pte 
sin J; = — sin Uj, (15) 
R 
sin [2 = — sind; (16) 
U2 = Ui — 212 (17) 
sin I, 
12 = Sis ; 
2 as (18) 
P2 sin U2 = —P, sin Ui (19) 
1 1 2 cos Uo 
= (20) 
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Fie. 6. Reflection at a Spherical Surface 


PARAXIAL FORMULAS. The exact trigonometrical formulas just given are tran- 
scendental and are therefore extremely difficult to manipulate. Great simplification is 
obtained if the equations are restricted to paraxial rays, i.e., rays that make small angles 
with the optical axis and with the normals to the refracting and reflecting surfaces. The 
paraxial formulas given below are deduced from the exact formulas by replacing the sines 
of the angles by the angles and the cosines by unity. Paraxial quantities will be indicated 
by the corresponding lower-case letter: 


, 3, —R 
UY Set = Fu (21) 
: INT 
b= WN, i (22) 
w=Uuthi— tk (23) 
2 —-R=m=R2 (24) 
U2 
PNou. = piNiur (25) 
N N. N.— N 
D2 Pi Rk 
N. N Nz — N 
2 eV Ve 1 (27) 
S82 S81 R 
The corresponding equations for a spherical mirror are: 
i= us (28) 
= (29) 
=U 1 QW (30) 
m =k (31) 
U2 
Pz = —piur (32) 
uN 1 2 
aa = a 33 
P2 Pi R . 2) 
1 1 2 
=+—-=5 (34) 


S2 $1 R 


Paraxial relations are Jinear and therefore are easily manipulated algebraically. They are 
very useful for determining the approximate focusing action of an optical system. 

If the object is at a very great distance, i.e., 1/s; = 0, the image is located at the second 
focal point at the distance 

No 
N2-—1 


ip = R (35) 
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to the right of the apex A. If the image is located at a very great distance, 1.e:, 1/8 ="0, 
then the object is located at the first focal point at the distance 


Ny 
Se 36) 
fi No a Ni & ( 
to the left of the apex A. For a spherical mirror 
fh=fh= BR (37) 
2 
and both focal points coincide. It should be noted that in general 
f._> (38) 
fi M 


This relation applies to any optical system where NV» is the index of refraction of the 
image space and JN; that of the object space. 

MAGNIFICATION. The above relations suffice to locate an image of an object, but 
they do not explicitly give any information about the sizes of object and image. As is 


(a) MAGNIFICATION IN REFRACTIVE SYSTEMS 


ba 


he 


(4) MAGNIFICATION IN REFLECTIVE SYSTEM 
Fie. 7. Magnification in Optical Systems 


seen from the geometry of Figs. 7(a) and 7(b), the lateral magnification which is defined 
as the ratio of image height hz to object height h; is 


eye 

hy iz 1 

It is to be noted that m is negative for an inverted image (as in Fig. 7) and positive for an 
erect image. Inserting (39) into (11) there result the very important relations 

hoNo sin U2 = hyNy sin U, (40) 

pe N i| sin U; 

Ne sin U2 

Equation (40) or (41) is known as Abbe’s sine condition and applies to any number of re- 


fracting and reflecting coaxial surfaces (V1 index of object space, N2 index of image space). 
The corresponding paraxial equations 


(39) 


(41) 


hoNouz = hiNiwy (42) 
Ny 

= 43 

Nae (43) 


are known as Lagrange’s theorem. 
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The longitudinal magnification along the axis is 


Ase 2 
na he mi (44) 
The angular magnification is 
U2 1 
La am (45) 
The relation between these magnifications is 
Mm = MM, (46) 


2. LENSES 


By applying the above paraxial relations to a lens in air, i.e., two refracting surfaces, as 
shown in Fig. 8, it may be shown that the two focal points (71, F2) and the two principal 
points (Hi, Hy) completely determine the paraxial focusing characteristics of the lens. 


Fie. 8. Focusing Characteristics of Thick Lens in Air 


The first focal point, F'1, may be considered as that object point which is focused at in- 
finity in the image space so that all paraxial rays passing through the point F’; are parallel 
to the axis in the image space. The second focal point, /'2, may be considered the image 
of an object at an infinite distance from the lens in the object space so that all paraxial 
rays which are parallel to the axis in the object space will pass through F»2 in the image 
space. 

The distances indicated by f; and fe in Fig. 8 are known as the principal or equivalent 
focal lengths and are given by 


NRiR2 


w a en eae AT 
Cm NNR peli nae ee 
The positions of the focal points measured from the refracting surfaces are given by 
N—-1t 
sry = —fo (: Saran Rs (48) 
N-1t 
8K, = fr (: SM ore (49) 


The focal distances sr, and sr, are known as the front focal length (F.F.L.) and back focal 
length (B.F.L.) respectively. These focal lengths are easily measured by imaging an 
object at a great distance from the lens and noting the distance between image and nearest 
surface of the lens and then turning the lens around and repeating the operation. The 
positions of the principal points H, and Hz measured from the refracting surfaces are 
given by F 
—l1t 
8H, = —fa Wee R, (50) 


N-1¢t 


= or (61) 
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The distance between the principal points is 


N-1 N—1 tfe | 
= 52) 
d V t [3 + RRs ( 
From (50) and (51) it is seen that 
SH, Ry 
rae Se (53) 
SH2 Re 


In many practical cases the lens thickness, t, is numerically small in comparison with 
either Ri, Re, or (Re — Ri), and then 


Rit Rot 


ea ee oa (54) 
1 Ni — Ry) °°? N(R — Ry 
N-1 
= 55 
d Nat (55) 
For a biconvex lens with R2 = —R:(R: positive) 
t t 
oes 8H, = 5 p= = ae 
3(Ne =e) 2N 2N 


If Ry ¥# Ri, both principal planes move toward the surface with the higher curvature, and 
when Ry = +0, i.e., for a plano-convex lens, 

t 

N 

The positions of the focal and principal points of an optical system having been deter- 


mined, its focusing action may be calculated with the aid of the following formulas (see 
Fig. 8). 


sH, = 0 SH, = — 


X1X2 = fife = —f? (56) 

1 1 il 
= 57 
S281 fa 2 

Sh = Xe es 
Me daR hemes Ce ee rene? hee 
S82 = —f2o(m — 1) (59) 
31 = ap ieee (60) 
m 


THIN LENSES. A lens of negligible thickness relative to its focal length is known as 
a thin lens. For a thin lens, sH, = su, = d = t = 0, and great simplification in computa- 
tion results. For a thin lens the distances s1, s2, f1, and fe in eqs. (56) to (60) are measured 
from the (center of) lens, and the distance between object and image is 


i Sy (61) 
m 


COMPOUND LENSES. Because of the necessity for correcting aberrations most 
lenses are compound; i.e., they consist of several lenses having a common axis. Some of 
the surfaces of adjacent lenses may be in contact and others are separated by air spaces. 
The focal length of two thin lenses in contact of focal lengths fog and f2y is 


ae Sroafrs 
2 ee ctitee 


The power of a lens measured in diopters is defined as P = 1/f, where f is measured in 
meters. Thus the power of two thin lenses in contact is 

12 = se ove Put P. (63) 

Soa Sop " : 
If the two thin lenses are separated by an air space of thickness ¢, the resulting lens is 
effectively a thick lens and the focal length of the combination is 
foafeb 
iD S>S SCS 
Sra SF Sop Si 


P= P+ Ps — tPoPs (65) 


(62) 


fii (64) 


and the power is 
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The principal points and focal points are located at (see Fig. 9) 


Sorat Sort 


8H, = >———— SoS SS 

@ Soa + foo — t a: fra + fo, — t 6) 

foal fon a t) fov(fea ae t) 

i a 
+0 PiU iay SUP te MEP ly pCh fap =i 8? 

The distance between the principal points is 
t?2 
d= — ——_ 

Soa + fos ami ep 


Fic. 9. Focusing Characteristics of Two Thin Lenses Separated by an Air Space 


There are three ways of compounding two lenses. 

1. Both lenses are converging; i.e., fea > 0 and fo, > 0. In this case the focal length of 
the combination is a minimum and the power is a maximum whent = 0. The focal length 
increases as ¢ is increased until when t = foa + f2 the focal length is infinite and the system 
is afocal or telescopic. Objectives, magnifiers, and eyepieces are generally compounded 
of two such lenses with t < fea + fo. The focal length of the combination is negative for 
t > fea + fo», and such a combination forms the compound microscope. 

2. Both lenses are diverging; i.e., foa <0 and fo, <0. The focal length of the com- 
bination is negative and decreases in absolute values as ¢ is increased. 

3. One lens is converging fra > 0 and one diverging fo» <0. If | fos| <|foa| the focal 
length of the combination is negative for values of t <|foa + foy|, it is infinite for t 
= | foo + foo |; this is the optical system of the Galilean telescope which produces an 
erect image. The focal length is positive for t > | fea + fos | and corresponds to the opti- 
cal system of a telephoto lens. If | fon | > | fea | the focal length is always positive. 

ABERRATIONS. Actual imagery with practical lenses departs from the paraxial 
or first-order imagery discussed above. These departures are known as aberrations. 
There are seven independent third-order aberrations. 

Spherical aberration or aperture defect is illustrated in Fig. 10. In the presence of 
spherical aberration the rays from a point object on the axis do not recombine to form a 


CIRCLE OF 
LEAST CONFUSION 


PARAXIAL 


OBJECT POINT IMAGE POINT 


ZN 
ea 


Fig. 10. Positive or Undercorrected Spherical Aberration 


point image as required by paraxial theory. Spherical aberration is generally measured 
by the axial intersection distance, AS2, which varies approximately as the cube of the con- 
vergence angle U;. Any simple convex lens has positive spherical aberration and is cor- 
rected by compounding it with a concave lens which has negative spherical aberration. 
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In a single lens the spherical aberration is minimized if the deviation is equally divided 
between the two surfaces of the lens. 

Coma is an extra-axial aberration; i.e., it affects image points not on the axis of the 
lens. It may be considered lateral spherical aberration for an extra-axial point. If coma 
is present a point object is imaged into a comet-shaped figure. It increases directly with 
the distance of the object point from the axis and as the square of the aperture of the lens. 
Coma, unlike spherical aberration, may be eliminated from a single thin lens for one object 
distance; however, a lens for zero coma is not the same as one for minimum spherical 
aberration. Coma may be eliminated by a stop of the proper aperture located at the 
proper distance from the lens. A lens corrected for spherical aberration and coma for a 
given object distance is called an aplanatic lens. If spherical aberration is absent the 
condition for freedom of coma is given by Abbe’s sine condition, eq. (40) or (41). 

Astigmatism, like coma, affects only extra-axial points. When astigmatism is present 
each object point has two images, one behind the other. These images are short lines at 
right angles to each other. One is called the sagittal or radial astigmatic line since it is in 
a plane containing the axis of the system. The other is called the tangential or transverse 
astigmatic line since it is at right angles to a line drawn from the lens axis. Midway the 
two line images the cross-section of the beam is a circle of least confusion. The astig- 
matism is positive if the sagittal focus is farther from the lens than the tangential focus. 
Otherwise it is negative. Astigmatism increases as the square of the distance of the object 
point from the axis and directly as the aperture. 

Astigmatism and curvature of the field are generally present together, and the sagittal 
and tangential foci lie on curved surfaces as illustrated in Fig. 11. If only curvature of 
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(a) PURE,CURVATURE (4) POSITIVE ASTIGMATISM (C) NEGATIVE ASTIGMATISM 
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AND SAGITTAL CURVATURE GENTIAL AND POSITIVE 


SAGITTAL CURVATURE 
Fie. 11. Astigmatism and Curvature of Field 


the field is present the image points lie on a spherical surface known as the Petsval surface 
which is indicated in Fig. 11 by P. ; 
Distortion is the variation of magnification with the distance of an object point from 
the axis. Positive, or ‘‘barrel’’ distortion, exists if the magnification decreases with in- 
creasing distance of an object point from the axis. Negative, or ‘‘pincushion,’”’ distortion 
exists if the magnification increases with increasing distance of an object point from the 
axis. Distortion increases as the cube of the distance of an object point from the axis. 
’ Chromatic aberration is due to the fact that the focal length of a lens depends upon 
its index of refraction and thus upon the wavelength of the light used. As a consequence 


Fie. 12. Longitudinal and Lateral Chromatic Aberration 


a single lens forms a series of colored images of different magnifications at different dis- 
tances from the lens (Fig. 12) The variation of image distance with wavelength is known 
as longitudinal chromatic aberration. The difference Sec — Sor is taken as a measure of 
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the longitudinal aberration, and for a thin lens it is given by 
1 a Sop? 
b 1 y fopV 


820 — SoF = (69) 


Zoe ke a Sip 


where V is given by eq. (6). The variation of image size with wavelength of refraction is 
known as lateral chromatic aberration and is measured by hc — hr. 

STOPS. Any obstacle which limits the rays that can be transmitted through an 
optical system is a stop. Stops serve (1) to limit the aperture of any bundle of rays, and 
thus the amount of light, that reaches any image point, and (2) to limit the extent of the 
object which is imaged, or the field of view. The stop that limits the diameter of the bundle 
of rays that can enter the optical system is called the aperture stop or iris. The stop that 
limits the field of view is known as the field stop. In Fig. 13, NP is the image of AS formed 


OBJECT PLANE IMAGE PLANE FS? 
( 


Fic. 13. Aperture Stop, AS, and Field Stop, FSi, in an Optical System 


by that part of the optical system (lens Z;) situated between AS and the object. Since 
NP limits the angular aperture U; of the beam, AS is the aperture stop. NP is known as 
the entrance pupil. If an actual stop were located at NP instead of AS, then the iris and 
entrance pupil would coincide. The image XP of AS formed by that part of the optical 
system (lens Lz) situated between AS and the image is known as the exit pupil. The 
angle subtended by the object at the center of the entrance pupil is known as the angular 
field of view of the object. In 
Fig. 13 the angular field of view 

of the object is limited to 2W; S2 ES elage o ea 
by the aperture stop F'S;. If 

it is desirable to have a sharp 


boundary of the field of view 

it is necessary to have FS; in 

the plane of the object. S 
Stops play a very important 

role in eliminating those rays 


that would produce excessive (@) DEPTH OF FOCUS 
aberrations. 
DEPTH OF FOCUS. The NP P 
maximum total distance, AS, 2 
that a viewing screen may be Sposa ee USION 


moved along the axis of an 
optical system to produce a 
circle of confusion of prescribed 
radius, 7, is called the depth of 
focus (Fig. 14a). It is given by 


AS: = ar =? = 2rcot U2 (70) 
2 


UL) OEPTH OF FIELD 


at best focus, measured from fy¢. 14. Difference between Depth of Field and Depth of Focus 
the exit pupil of radius az. 

DEPTH OF FIELD. The maximum total distance, AS;, that an object may be moved 
along the axis to produce, at a fixed image distance, a circle of confusion of prescribed 


radius, r, is called the depth of field (Fig. 146). It is given by 


where Sz is the image distance, 


ry ry (71) 


DS Fea, ti ma,+r 
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where m is the magnification and S; is the object distance, at best focus, measured from 
the entrance pupil of radius a. If 7K mai, then 


Asie 7a. 27 cot Ui (72) 


m ay 


3. PHOTOMETRY 


The problem in photometry is to obtain a quantitative evaluation of radiant flux with 
respect to its capacity to produce the sensation of brightness. The sensation of brightness 
evoked by a given amount of radiant energy is different for different individuals and is 
different for the same individual under different conditions of observation. Equal amounts 
of radiant energy per unit wavelength interval throughout the visible spectrum do not 
produce visual sensations of equal brightness. A luminosity curve shows as ordinates 
the relative effectiveness of various wavelengths to evoke, for a particular observer, 
visual sensations of equal brightness. Figure 15 shows two luminosity curves applying to 
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Fie. 15. Curve (a), Standard Luminosity Function, Applying to Normal Vision with Good Lighting 
Conditions; Curve (b), Luminosity Function Applying to Vision at Very Low Light Levels 


photopic or normal vision (at high light levels) and to scotopic vision (at very low light 
levels). These are average luminosity curves obtained for a number of observers. The 
use of many luminosity curves would, obviously, lead to endless confusion and ambiguity 
in photometric measurements and specification. To avoid this, the International Com- 
mission on Illumination adopted Fig. 15a as the standard luminosity curve. It is important 
to realize that the standard luminosity curve is essentially an arbitrarily assumed standard 
for purposes of standardization and specification of photometric data and is not neces- 
sarily the retinal response of any individual. Table 3 gives the standard luminosity func- 
tion, 7(A) of Fig. 15a, at 10-millimicron intervals. 


Table 3. Standard Luminosity Function ! 


yr) Ain mp yA) >in mp yr) Ain mp yr) 


0.0000 480 0.139 580 0.870 680 0.0170 
.0001 490 - 208 590 .757 690 - 0082 
- 0004 500 9323) 600 - 631 700 - 0041 
-0012 510 - 503 610 - 503 710 -0021 
. 0040 520 -710 620 - 381 720 - 0010 
-0116 530 - 862 630 -265 730 - 0005 
. 0230 540 -954 640 .175 740 . 0003 
. 0380 550 99D) 650 . 107 750 -0001 
. 0600 560 -995 660 -061 760 - 0001 
-0910 570 -952 670 - 032 
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Table 4 gives the names, symbols, and basic mks units of radiometry and photometry 
as recommended by the committee on colorimetry of the Optical Society of America. 
The term ‘‘luminance”’ in Table 5 replaces the older term ‘‘brightness’’ which led to con- 
fusion between the objective concept of brightness as a measurable quantity and the sub- 
jective concept of brightness which refers to the sensation in the consciousness of the 
human observer. It is recommended that the term “‘brightness’”’ be used only in the latter 
sense. 


Table 4 
Radiometry Photometry 
N ever 2) Gai MRS N Ey i Uni nee 

ame bel ni ame Boal ni 
Radiant energy...... U Joule Luminous energy..... Q Talbot 
Radiant flux........ Je Watt Luminous flux....... F Lumen 
Radiant emittance...| W | Watt/m? Luminous emittance..| ZL Lumen/m? 
Radiant intensity....| J Watt/w (steradian) | Luminous intensity...| J Lumen/w (candle) 
Radiances sees etc. N | Watt/wxm? Luminance.......... B Lumen/wxm? 
Irradiancée.) 2 2y5.5 0: H Watt/m?” (candle/m?) 

Illuminance.......... E Lumen/m? (lux) 


The ratio of any photometric quantity to the corresponding radiometric quantity in 
Table 5 is equal to the absolute luminosity or luminous efficiency (generally expressed as 
lumens per watt) of the radiant energy. Thus 1 watt of monochromatic radiant flux of 
wavelength 555 mp (corresponding to the peak of the standard luminosity curve) is 
equivalent to 685 lumens. This efficiency of 685 lumens per watt is based on the fact that 
the new proposed international photometric standard of a black body at the temperature 
(2043.8 deg K) of freezing platinum shall have a luminance of 6 X 10° candles per m? 
(60 candles per cm?). 


Table 5. Conversion Factors for Units of Illuminance 


Foot-candle Milliphot 
to 
Obtain 


Lumen/m? 10.76 

Lumen/ft” 3 | 

Lumen/cm 0.001076 
A 1.076 


If the radiant fiux is monochromatic its luminous efficiency is simply 685g(A). If the 
radiant flux is not monochromatic but consists of a continuous spectrum, then if P(A) is the 
radiant flux per unit wavelength (watts per millimicron) the luminous efficiency is 


[TOPO a 
Ke 9Q5 saa (73) 


ib POON 


Luminous efficiency should not be confused with the efficiency of a practical light 
source, which is the ratio of the total luminous flux to the total power input. The effi- 
ciency of a source of light is less than K since generally a fraction of the total power input 
is not converted into radiant flux. 

LUMINOUS INTENSITY OR CANDLEPOWER OF A SOURCE. By a source will 
be understood (a) any self-luminous object, such as an incandescent body, or (b) any 
illuminated object which so completely diffuses (either by reflection or transmission) the: 
incident light that it acts as a source. 

The intensity of a source is defined as 

dF 


Ly Sas (74) 


and is measured in lumens per steradian, or candles. In Fig. 16, let the small plane source 
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oA “s . 
of area Ao emit P watts or F = 685 f- G(A)P(A) d\ lumens. The two small receivers of 


areas A; and A2 subtend the same solid angle Aw at the (say, center of) source and are 
located at the same distance D from the source. The number of lumens AF; and AF 
contained in the same solid angle Aw will, in general be different. Thus the intensity 


ANDi f ; AF 2 1 
normal to the source, Jo = Ae is not equal to the intensity, Ja = Se measured along 
Ww 


a direction at the angle a 
with the normal. In specify- 
ing the intensity or candle- 
power of asource, it is there- 
fore necessary to state the 
direction in which the inten- 
sity was measured or give 
a candlepower distribution 
curve. The directional char- 
acteristic of many extended 
sources follow Lambert’s law, 
which states that 


Iq =Incosa (75) 


With a uniform point or 
spherical source, the inten- 
sity is independent of direc- 
tion and is F/47. Thus a 
uniform point or spherical 
Fic. 16. Diagram Mlustrating Some Photometric Concepts source of an intensity of 1 
candle emits 47 lumens. 
ILLUMINANCE. A surface of area dA, placed in a field of flux, is illuminated with 
the illuminance 


F 
E= “ (lumens per m? in mks units) (76) 


where dF is the flux incident on the surface. The illuminance of receiver A, (Fig. 16) is 


= AF, ae ToAw - Io (Ay cos 60) a Io 
1 ay ya ey ote TGR [pres ry TO (77a) 


The illuminance of receiver A2 is 


il I 
Ey, = x cos 6 = a cos a cos 6 (77b) 
In normal incidence 
To ilice 
E, = D2? Ey = De (78) 


which is the well-known inverse-square law. The inverse-square law, which is the basis 
of most visual photometers, applies to large extended sources, if D is considerably larger 
than the extension of the source. Thus (78) holds to within about 1 per cent if D is at 
least 5 times the greatest linear dimension of the source. 

LUMINANCE. The luminance, B, of the surface Ao (Fig. 16) in any direction is the 
ratio of the intensity J, in that direction to the area of the projection of Ao on a plane 
perpendicular to the direction, i.e., 

Ta 


Ag cos @ 


B (79) 


Luminance is measured in candles per square meter in mks units. If Lambert’s law is 
followed, then 


B= == B (80) 


and the luminance of a surface is independent of a. The brightness sensation when ob- 
serving a surface, whether self-luminous (as the luminescent screen of a cathode-ray tube) 
or diffusely transmitting or reflecting (as a television or movie projection screen), depends 
upon the luminance of the surface. Hence if the surface obeys Lambert’s law, its lumi- 


nance is the same in all directions, and it will appear equally bright from whatever angle 
it is viewed. 
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LUMINOUS EMITTANCE. The luminous emittance, L, of a surface is the total 
luminous flux emitted per unit of area, or 


L=— (81) 


Luminous emittance is measure in lumens per square meter in mks units. 
The luminous emittance of a surface obeying Lambert’s law is found to be 


L= 7B (82) 


Hence a perfectly diffusing (emitting, transmitting, or reflecting) surface, whose luminance 
is B candles per square meter has a luminous emittance of 7B lumens per square meter. 
Or a perfectly diffusing surface of luminance B and area A emits 


F = 7BA lumens (83) 
If the surface radiates on both sides with luminance B, then 
F = 27BA (84) 


PHOTOMETRIC UNITS. Equation (82) is the basis for another unit of luminance 
- called meter-lambert. By definition 1 meter-lambert is the luminance of a perfectly dif- 
fusing surface emitting, reflecting, or transmitting, 1 lumen per m2. Thus 1 meter-lambert 
equals 1/7 candle /m?. This unit (meter-lambert) is very convenient when dealing with 
non-self-luminous surfaces such as perfectly diffusing (transmitting or reflecting) surfaces. 
If these surfaces do not absorb any light, the number of lumens incident on them is equal 
to the number of lumens transmitted or reflected. Hence the illuminance in lumens per 
square meter, the luminous emittance in lumens per square meter, and the luminance in 
meter-lamberts are all numerically equal. If these surfaces do absorb some light, the 
luminance in meter-lamberts is equal to the illuminance in lumens per square meter 
multiplied by the fraction of the incident light that is transmitted or reflected. The 
luminous emittance in lumens per square meter is still equal to the luminance in meter- 
lamberts. If the surface does not obey Lambert’s law its luminance depends upon the 
angle of observation and the advantage of this unit disappears. The luminance of such 
a surface in a particular direction in meter-lamberts may then be interpreted as the num- 
ber of lumens per square meter that a perfectly diffusing surface of the same luminance 
would radiate. 

Besides the mks units given above, there are many others in widespread use. They 
differ from the mks units only in being based on different units of area. Tables 5 and 6 
give the names and the relative magnitudes of the more common units of illuminance and 
luminance. 

Table 6. Conversion Factors for Units of Luminance 


Multiply 


rt 
Numbe: Poot! 


Candle Milli- lambert Meter- 
per Lambert | Jambert | (equivalent | jambert 
cm? ; foot- 

candle) 


Candle per em? (Stilb) 0.0010764 0.0003183 | 0.0003426 | 0.00003183 
Candle per in.”....... 6.452 0.006944 0.002054 | 0.00221 0.0002054 


Candle per ft?........ 929 1 : 0.2957 0.3183 0.02957 
Candle per m?....... 10,000 {10.764 ‘ 3.183 3.426 0.3183 
Lambert (cm-lambert)] 3.142 35 ee 0.001 0.001076 
x 107 
Millilambert......... 3,142 ‘ 3.382 1 1.0764 
Foot-lambert......... 2,919 ; 3,142 0.929 | 
Meter-lambert........ 31,420 Fi 33.82 -10 10.76 


4. LIGHT MEASUREMENT 


The methods of light measurement may be divided into two classes; visual photometry 
and physical photometry. 

In visual photometry the human eye is the detector. Although the human eye is 
incapable of measuring, it is capable of fairly accurately judging the equality of lumi- 
nances of adjacent areas. In a visual photometer, two adjacent areas of a screen are 
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illuminated by a calibrated source and an unknown source. The observer adjusts the 
illuminance on the half-field produced by the calibrated source (by varying the distance 
between source and screen) until he judges the two half-fields to be equally ‘‘bright.” 
The better visual photometers (such as the ‘‘“Macbeth Illuminometer’’) use a Lummer 
Brodhun cube to split the field. Relatively accurate measurements may be made with 
visual photometers only if the spectral distribution of the calibrated and unknown sources 
are approximately the same. Although a series of filters may relieve this situation, meas- 
urements upon sources of different colors (heterchromatic photometry) are generally 
subject to great errors unless a flicker photometer is used. 

In physical photometry, the detector is generally a photovoltaic or photoemissive cell. 
A cell will give true photometric values regardless of the color of the light if corrected 
with a suitable filter, so that its sensitivity throughout the spectrum is proportional to 
the luminosity curve of Fig. 15a. The most important error in physical photometry is 
generally due to the difference between the spectral response of the cell and the standard 
luminosity curve. Other errors arise from the directional and temperature characteristics 
of cells. Most commercial light measurements are now made using a photovoltaic cell 
with an “‘eye’’-corrected filter. 


5. PHOTOMETRIC RELATIONS IN NON-VISUAL OPTICAL 
SYSTEMS 


One of the important performance characteristics of an optical system is its light- 
gathering power. In Fig. 17 the small object of area A; radiates in all directions, but the 


Awe 
Fic. 17. Diagram Illustrating Some Photometric Relations in Optical Systems 
lens accepts and focuses only a fraction of the flux on the image of Area Ao. If A; emits 
according to Lambert’s law, then the fraction of the flux that the lens accepts is 
e = sin? Uj (85) 
where Uj is the angle subtended by the radius of the entrance pupil at A1. The quantity e 


might be called the (geometric) efficiency of the optical system. If B, is the luminance of 
Aj, then the total flux, /, that A: emits is 7B,A, and the flux accepted by the lens is 


Fy => WBA, sin? U, (86) 


If the lens has no losses, F’; is the flux that will reach the image. If there are losses in the 
optical system, let k be the fraction of the incident light that it transmits, and 


=> kF, = TwBy,Aik sin2 Uy (87) 


The quantity k sin? U; might be called the eective efficiency of the optical system. 
Che illuminance of the image is 


F Bik sin? 
pide! SE eae ae (88) 


This equation is the basic relation giving the flux density on a small area (Ao in Fig. 7) of 
the image, located on the axis of an aplanatic optical system, produced by an extended 
‘source emitting according to Lambert’s law. 
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Fia. 18. Efficiency of a Lens Used for Projection at Infinite Throw as a Function of F/Number 


Most lenses are rated (as to their light-gathering power) by 


ey, watts gubtaer loi 
f/number = fn = = kant (89) 
and sometimes by 
Relative aperture = RA = = (90) 


Microscope objectives are rated by 
Numerical aperture = NA = N,sin U; (91) 
If the entrance and exit pupils coincide with the principal planes of the optical system, 
eq. (88) may be written 


2 2 A)2 
Biemen Bil h Sy wBy (RA) 


w+ S2 Se 4 — (m?/4)(RA)? + (m — 1)? 


For camera and telescope objectives, the object distance, Si, is usually very large and the 
image distance, Se, is approximately equal to the focal length (or m = 0) so 


(92) 


TT. ‘ 1 Tr. B 1 k 
EK, = — 2— —____ + 
MRA) = (98) 
If the relative aperture is small or {/number large, then for any magnification 
A)? B 1 
oe TB (RA) _ TB (94) 


A Gee 4 (fn)?(m — 1)? 
For high-efficiency projection systems, it is preferable to define {/number as 
1 


oy ~ 2 sin Uy ~ 
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instead of eq. (89). For values of Uy less than about 10°, sin Uy = tan Uy and the two 
definitions agree, but they disagree for larger values of Us. The efficiency of a projection 
lens for infinite throw is thus 


(96) 


For a lens immersed in air, the smallest FN possible is 0.5, since then the efficiency is 
unity, and all the light emitted is accepted by the lens. For a lens immersed in a medium 


of index N, the efficiency is e,, = N1? sin? Uy and the FN is Figure 18 shows 


1 
2 Ni sin Uy 
the efficiency e,, of a lens as a function of f/number. It is seen that the efficiency of most 
lenses is very low. 
The efficiency of a given optical system decreases when the magnification or throw 
decreases. The efficiency at a magnification m is 


h O> 


er ete fe eee ae er 
he + Sy Vaated [ =) 


Thus an ordinary lens with an FN of 2 has an e,, of 6.25 per cent and an em of about 4.6 
per cent when used at a magnification of —6. Similarly a lens with an e, of 25 per cent 
(FN = 1) will have an efficiency of 19.6 per cent at a magnification of —6. 

The illuminance of an extra-axial area (Aw2 Fig. 17) produced with a lens of small 
aperture is approximately given by 


Eo, = 4 Bk cost W 


(97) 


em 


(R.A.)? 


4m — 1) a 


where w is the field angle (see Fig. 17). 


6. REFLECTIVE OPTICAL SYSTEM FOR TELEVISION PROJECTION 


Two important requirements of an optical system for television projection are: (1) that 
it be capable of focusing a large field (large tube face) and (2) that it have high efficiency. 
The need for a large field is that, owing to current saturation and heating of the luminescent 
screen, the light output from a cathode-ray tube increases with the size of the tube, for a 
given beam power input. 

The most efficient optical systems capable of focusing considerable fields are, in general, 
of the reflective type. One of the simplest (and best) of these consists of a spherical mirror 
and an aspherical aberration-correcting lens located at the center of curvature of the 
mirror (Fig. 19). 
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Fig. 19. Reflective Optical System for Television Projection 


: The aberrations of any optical system with a high geometrical efficiency can be suffi- 
ciently corrected for only one position of object and image. As a result a given system is 
good for only a small range of magnification, and different systems have to be designed for 
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different magnifications or throws. A highly efficient system has, because of the large 
convergence angles, relatively shallow depth of focus and depth of field; see eqs. (70) and 
(71). 

FOCUSING WITH MIRROR AND CORRECTING LENS. Because of the symmetry 
of the sphere, an optical system consisting of a spherical mirror and a small aperture located 
at the center of curvature of the sphere suffers from only two aberrations: spherical aber- 
ration which is uniform all over the field, and curvature of the field. With large apertures, 
extra-axial aberrations of higher order enter the field, but they are not too large (see 
Fig. 20). 

The purpose of the correcting lens is to correct for the spherical aberration of the mirror 
without introducing any serious aberrations of itself. This is accomplished by making 


Fia. 20. Image Properties of System Consisting of Spherical Mirror and Aperture Located at Center 
of Curvature 


the lens as weak as possible and locating it in the plane of the aperture at the center of 
curvature. In this way the symmetry property of the spherical mirror is least disturbed. 
The curvature of the field is not corrected as it is actually used to good advantage in 
cathode-ray-tube projection. 

Equation (20) may be written 

Lope ers Cy a (99) 
Jay Vs R ify = 
where fU, is the focal length of a zone of the mirror of aperture sin Up. The zonal focal 
length fvy thus increases with the aperture of the zone. 

The spherical aberration of the mirror may be interpreted as focusing by means of 
zones, each zone having a different focal length. The correcting lens has to be such that 
each zone of the lens has a different focal length, compensating for the various focal lengths 
of the mirror and resulting in a focusing system with all zones of the same focal length. 

The shape of the correcting lens will thus depend upon the zonal focal length of the 
mirror one chooses as the focal length of the optical system (mirror plus correcting lens). 
Since theoretically there are an infinite number of zones on the mirror, there are theo- 
retically an infinite number of correcting lens shapes that will produce a system in which 
all zones have the same focal length. ’ 

Since the mirror with an aperture at the center of curvature has no extra-axial or chro- 
matic aberrations, such aberrations are caused by the correcting lens itself, i.e., by the 
power or slopes on the correcting lens. From the standpoint of these aberrations, there- 
fore, that shape should be chosen whose maximum slope is the least. Thus if the paraxial 
(central) focal length of the mirror is chosen as that of the system, then the central focal 
length of the correcting lens is infinite and the shape of the curve is concave. If a zonal 
focal length of the mirror is chosen as that of the system there will be a zonal focal length 
of the correcting lens which is infinite and the shape of the curve is convex at the center 
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and concave past this zone. If a peripheral focal length is chosen, the required correcting 
lens is convex. The maximum slope is least for a convex-flat-concave curve. ; 
The shape of the correcting lens must be such that all rays emanating from an object 
point Oj, and reflected by the mirror, shall meet at the image point Oz located at a dis- 
tance S from the correcting lens. Figure 21 shows three rays emanating from Oi and 
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Fic. 21. Diagram Illustrating the Effect of the Correcting Lens 


striking the mirror at different apertures. Without the presence of the correcting lens, 
rays 1, 2, 3 would intersect the axis at distances Po, P3, and P, from the center of curvature. 
The slopes on the correcting lens have to be such (approximately as shown on Fig. 21) 
that all three rays intersect at O2; hence, the correcting lens has a flat zone at the point 
where ray 2’ passes, negative slope where ray 1’ passes, and positive slope where ray 3/ 
passes. 

From the point of view of spherical aberration, if the zone where ray 2 strikes the mirror 
is taken as a reference, then the mirror has negative spherical aberration for smaller aper- 
tures and thus requires a positive lens for correction, and positive spherical aberration for 
larger apertures and thus requires a negative lens. 
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Fie. 22, Diagram Showing Why the Aperture of the Correcting Lens Depends upon Magnification 


The shape and size of the correcting lens depend upon the throw or magnification for 
which the system is to be used. For a given focal length and relative aperture the cor- 
recting lens aperture decreases as the magnification decreases (see Fig. 22). That this 
must be so may be surmised from the fact that for unity magnification the lens aperture 
is zero, since object and image coincide at the center of curvature. Figure 23 shows the 
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variation of correcting lens semiaperture and mirror semiaperture, with magnification, 
for a system of given focal length and efficiency. All distances in Fig. 23 are measured in 
terms of the radius of curvature of the mirror; i.e., the radius of curvature is taken as the 
unit of length. 

The focal length of the complete optical system depends upon the shape of the correcting 
lens. In general, the higher the efficiency for which a system is designed the greater the 
focal length (in terms of R). Thus for an extremely inefficient system (requiring only a 
small aperture at the center of curvature and no correcting lens) the focal length would 
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Fie. 23. Variation of Semi-aperture of Mirror and Correcting Lens with Magnification 


be 0.52, whereas a reasonably good design of a system with an efficiency of about 50 per 
cent (requiring a correcting lens) will have a focal length of about 0.53R. 
Relations between the throw S, magnification m, object distance Pi, and the focal length 


f are: 
S = mP, (100) 
Pie ete) (101) 
m 
S = —f(m + 1) (102) 


Thus for a magnification of —6 (inverted image) and a focal length of 0.53R the throw is 
2.65R. In the reflective optical systems contemplated for home television projection re- 
ceivers R = 13.7 in., and so for a magnification of —6 the throw would be 2.65 X 13.7 in. 
= 36.3 in. 

TUBE FACE. Before striking the spherical mirror, the light emitted by the lumi- 
nescent screen of the cathode-ray tube first passes through a thickness (generally about 
1/g in.) of glass constituting the tube face. The tube face should preferably consist of two 
concentric surfaces, and thus it acts as a weak lens. The radius of curvature of the outer 
surface (for a thin tube face) is approximately equal to the focal length of the system. 
The lens action of the tube face changes the magnification of the system to 


Btormegy eal: 
Py 1 N-1t 

NET 
where JN, t, and R; are the index of refraction, thickness, and radius of curvature of the- 
outer surface of the tube face. However, the largest effect of the tube face is caused by 


M = mm = (103), 
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its spherical aberration. The presence of the tube face necessitates a change in the shape 
of the correcting lens, consisting of increased correction from the convex portion and de- 
creased correction from the concave portion. 

EFFICIENCY. As may be seen in Fig. 24, the light reflected by the central part of 
the mirror is blocked by the tube face. In order to maintain good contrast it is necessary 
to mask or cut out this central portion. The efficiency of the system with no masking is 


h2 m 


€m = sin? Un = Pa We, (104) 
fp? 
The efficiency of the central part of the mirror that is masked is 
; he if 2 
e: = sin? U;=> ry (5 (105) 


The efficiency of the masked system is 
€ = €m — &: = sin? U;, — sin? Uz (106) 


In a practical high-efficiency system em might be about 45 per cent (0.45), e: about 10 to 
15 per cent, and thus e about 30 
to 35 per cent. The losses in mirror 
and correcting lens may be about 25 
per cent, so that the overall effective 
efficiency would be about 25 per 
cent. The effective efficiency of the 
better refractive lenses used at low 
magnifications is of the order of a 
few per cent. 

ALIGNMENT. The center of 
the correcting lens must be located 
at the center of curvature of the 
mirror, and the axis of symmetry of 
the correcting lens should preferably 
coincide with the axis of symmetry 
of the periphery (circle) of the 
mirror. The tube face must be 
located so that the center of curva- 
ture of the tube face lies on the axis 
of symmetry of the correcting lens. 
The axes of symmetry of the periph- 
ery of the tube face and correct- 
ing lens should preferably coincide. 
The tube face should, of course, be 
located at the correct axial distance 
from mirror or correcting lens for 
Fie. 24. Diagram Showing the Effect of the Size of Tube focusing. The WALES screen should 

Face on the Efficiency of a Reflective Optical System be normal to the axis and at the 

correct throw. 

The most critical alignment items are: (1) lateral displacement of the center of the 
correcting lens from an axis of symmetry of the mirror, i.e., a line passing through the 
center of curvature of the mirror; (2) lateral displacement of the center of curvature of 
the tube face from the axis of symmetry of the system. For good resolution these dis- 
placements should be kept within 0.001R, where R is the radius of curvature of the mirror. 
The permissible tolerances on other alignments are about 10 times greater. 
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VISION 


By Kenneth N. Ogle 


7. THE STRUCTURE OF THE EYE 


The eyeball has the shape of an oblate spheroid, being slightly flatter toward the anterior 
part and having a diameter of about 24 mm. Figure 1 shows a highly schematized longi- 
tudinal section of the right eye. Three sheaths or tunics make up the eyeball itself. The 
outside tunic, the sclera, is the protective envelope. It consists of a dense fibrous tissue, 
white and opaque, with a thickness which varies between 0.3 and 1mm. At the anterior 
pole of the eye, the sclera has been 
modified to form the clear, transparent 
cornea. The second tunic, the choroid, 
is a highly vascular membrane, about — 
0.2 mm thick, consisting of numerous 
blood vessels, which serve primarily the 
function of supplying the eye with nutri- 
ment. The greater part of the inner 
surface of this tunic, especially the pos- 
terior portion of the eye, is highly pig- 
mented. Anteriorly this tunic is modi- 
fied and supplied with muscles to form 
the ciliary body, a structure which not 
only supports the crystalline lens but 
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also provides the means whereby its 
shape can be adjusted in the act of ac- 
commodation. At the extreme anterior 
part, this membrane forms the iris, a 


Body 


Fie. 1. _ Schematic Longitudinal Cross-section of the 
Right Eye, Illustrating Only the More Important 
Features 


concentric diaphragm through the center 
of which (the pupil) light passes into the eye. The iris is provided with circular and radial 
muscle fibers for contracting and dilating the pupil. 

THE RETINA. The third or inner tunic is the retina. This is the most important 
layer of the eye, since it is the light-sensitive membrane, which transforms the light stimuli 
into energy that is transmitted to the perceptual centers of the brain. Moreover, because 
of its structure and origin the retina must be considered a part of the central nervous 
system. It is an exceedingly delicate transparent membrane and consists of a very com- 
plex organization of nerves, ganglion cells, and receptor cells. With the exception of the 
place where the optic nerve enters the eyeball, the retina lines the entire back of the eye, 
but its structure is not the same in all parts. In spite of its thinness (average about 
0.2 mm), ten layers are distinguishable histologically. Next to the choroid, and partly 
embedded in its pigmented epithelium, are the photosensitive nerve endings. Two types 
of these receptor cells, the cones and rods, are identifiable as independent sets of neurons 
or nerve endings. From each of the cones there is a single fiber-pathway which, passing 
through several synapses, retains its identity in the optic nerve to the brain. This fact 
permits fine differentiation of spatially separated stimuli that fall on cone areas. 

The cones are also instrumental in color vision, whereas the rods, which have a high 
sensitivity to light and an appreciation of moving objects, give rise only to a “gray” 
sensation. At the fovea, where the retinal membrane becomes very thin, there is the 
greatest concentration of cones, and there vision is clearest and acuity highest. The 
fovea is quite small, however, subtending a visual angle of about 1 degree. At the very 
center of this area the cones may be as small as 1 w to 1.5 uw in diameter, which corre- 
sponds to a spatial visual angle (the angular separation of two points subtended at the 
nodal point of the eye) of 12 to 18 seconds of arc. The dead interval between the cones 
may be 0.3 », corresponding to a visual angle of about 4 seconds of arc. Within an angular 
area of 1.7 degrees about the fovea the retina is said to be rod free. 

From the foveal region toward the periphery, the general structure of the retina becomes. 
cruder; the concentration of rods increases and that of the cones decreases. The photo-- 
receptor cells themselves also become larger, and more of them are associated with single 
conductor neurons. Although these multiple associations of receptor elements in the 
peripheral parts of the retina limit the ability of the eye to discriminate spatially sep- 
arated stimuli, they do provide a means by which the energy from weak stimuli results in 
a perception. No light-sensitive elements exist in the small region of the retina where the 
optic nerve enters the eyeball. This results in a blind spot in the visual field within which 
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images cannot be seen. The blind spot is roughly elliptical, the vertical dimension being 
longer. Its size varies greatly among individuals, with limits for horizontal dimensions 
of 3 to 8 degrees, averaging about 6 degrees. The nearest edge is located about 12 degrees 
on the nasal side of each retina. 

Contrary to other sense organs, the entire nerve system leading to the cortical regions 
of the brain is found essentially in the retina itself. Here some of the functions may occur 
which usually take place in the cortex, for example the color-analyzing processes (Polyak). 

THE REFRACTIVE MEDIA. The transparent intraocular fluids in all parts of the 
eye are derived from the blood and physiologically are essentially the same. The fluid in 
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Fia, 2, The Loss of Accommodation with Age. Data from over 4200 Eyes. (Duane, Am. J. Ophth.) 


the anterior chamber (Fig. 1), called the aqueous humor, is only slightly more viscous 
than water, is subject to thermal currents, and is quickly replenished if lost. The larger 
chamber behind the crystalline lens is filled with a jJellylike substance called the vitreous 
body. This body is a combination of a protein colloid and the intraocular fluid, also per- 
meated by a fine meshwork of fibrils that gives the mass a stable anatomical structure. 

The crystalline lens is a transparent body having the shape of a biconvex lens, and it 
serves the same function as a lens. It consists of a non-homogeneous elastic substance 
made up of a number of layers or laminae, each with increasing density and increasing 
index of refraction toward the core at the center. By the action of the ciliary body, through 
a complex process, the lens may become more convex and in so doing serves the function 
of changing the position of the focal point of the light entering the eye. In this way, the 
eye can accommodate itself from distinct vision of distant objects to that of nearer ob- 
jects, and vice versa. In this act of accommodation primarily the radius of the front 
surface decreases and the thickness of the lens increases. 
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With increasing age the average density of the lens increases; the lens becomes harder 
and less elastic and hence its accommodative function is less and less effective. The loss 
of accommodation with age is illustrated in Fig. 2 (Duane), where the nearest distance 
from the eye at which a test object remains clear is plotted against age. It is clear that, 
at about the age of 60 years, little or no accommodation remains, and the eye is then said 
to be completely presbyopic. 

THE PUPIL. The pupil acts as the stop or aperture of the eye. It is in a constant 
state of activity and is subject to a number of reflexes. Although the pupil will contract 
when the iris is stimulated directly by light, normally it contracts through a light stimula- 
tion of the retina, the extent de- 
pending on the adaptation of the 
eye. The pupillary response to 
light falling on the central part of 7 
the retina is much greater than 
for that falling on the peripheral 
parts of the retina. The thresh- 
old for pupillary response of the 
central region of the retina, when 
dark adapted, corresponds quite 
well to the threshold of cone 
vision. Data showing the change 
in the diameter of the pupil in 
response to the luminosity of an 
extended surface are illustrated 
in Fig. 3 (Reeves). Theoretically a aces Zee LP ee eee | 
the amount of light entering the Log Field Luminosity, ml 
Sve would be approximately Bros Fia. 3. The Relation between Pupillary Size and the Lu- 
portional to the area of the pupil minosity of the Visual Field. (Data of Reeves, J. Optical Soc. 
(diameter squared), but it is evi- Am.) 
dent from the figure that, whereas 
the illumination change is more than several million times, the amount of light entering 
the eye changes only about 15 fold. The contraction of the pupil cannot, therefore, 
even approximately {compensate for increasing illumination. The rate of contraction of 
the pupil from darkness to light is much greater than the rate of dilation resulting from 
light to darkness. The response of the pupil to colored light is greater for yellow than for 
red or blue. 

In this connection, it has been shown (Stiles and Crawford) that the intensity of the 


light falling upon the retina is not directly proportional to the pupil area. Rays entering 
the pupil near the edge 


are much less effective 
in producing a sensation 
than those entering the 
center of the pupil. The 
relative effectiveness of 
the different pupillary 
zones is shown in Fig. 4. 

The pupil of the eye 
contracts when the eyes 
are converged and ac- 
commodated for near ob- 
jects. This association 
is more closely related to 
convergence of the eyes 
than to accommodation. 
5 Lhe reflex takes place in 
addition to changes in 


, pupillary reaction due to 

Fie. 4. Data Showing the Stiles-Crawford Effect. Light through periph- changes in illumination 
eral zones of the pupil is less effective than that through the center. ‘ CMAs. Os 
(From Moon, Scientific Bases of Illuminating Engineering.) Automatic constriction 

of the pupil for near ob- 


jects increases the depth of focus of the eye, where an increased depth is useful. Under 
normal conditions pupillary action takes place nearly equally in the two eyes, even if only 
one eye is subjected to illumination changes. The pupil is also influenced by psychic 
factors; a dilation is usually the rule, except when the individual is in a comatose state. 
There is some evidence that pupillary contraction can be conditioned. 
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SCHEMATIC EYE. Because of the non-homogeneity of the crystalline lens, and the 
general asymmetry of the optical elements, a schematic eye can be only an approximation 
to the living eye. Frequently, however, such a schematic eye is useful for reference and 
for optical problems. The data utilized by Gullstrand for the relaxed eye are given in 
Table 1. The greater part of the refractive power of the eye is due to the cornea (43 
diopters), the lens contributing only 1/3 of the total power. Since the distance of the 
second focal point from the second nodal point of the schematized eye is about 17 mm, 
an object subtending an angle of 1 minute of arc will subtend a linear distance on the retina 
of 5 u (0.005 mm). In problems where the image on the retina must be considered blurred, 
it is convenient to know the approximate positions of the entrance and exit pupils. All 
optical imagery calculations can be referred to those positions if the magnification of the 
two stops are known. The center of the blurred image on the retina may, for practical 
purposes, be taken as the point of maximum light intensity. 


Table 1. The Gullstrand Schematic Eye Relaxed for Distant Vision 
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EYE MOVEMENTS. The rotary movements of each eye are controlled by six (ex- 
trinsic) muscles; the opposing external and internal recti muscles which provide move- 
ments for looking to the right and left; the superior and inferior opposing recti-muscles 
which provide movements for looking upwards and downwards; and the two oblique mus- 
cles which provide torsional movements about the axes of fixation, as well as movements 
opposing the recti in certain eye positions. The innervations to the muscles for movements 
of the two eyes are said to be reciprocal in that a given movement will result from the con- 
traction of one muscle and the relaxation of its antagonist. There is, therefore, a precise 
coordination of the muscles that leads to very delicate and accurate movements of the 
eyes. In general it can be said that the ocular movements are for the purpose of directing 
the eyes to the object of attention and preventing diplopia (double vision). The move- 
ments seem, essentially, to be reflex movements following the direction of attention and 
accordingly have been called psycho-optical reflexes. Because the actual movements of 
the eyes from one point in the visual field to another appear to be approximately correct, 
it has been assumed that the retinal elements have ‘‘motor values,’’ differences in which 
lead to correct innervations for eye movements. The reaction time between the atten- 
tion and the beginning of the eye movement, though varying with circumstances, aver- 
ages between 0.17 and 0.20 sec. 

Owing to the constant tonus of the muscles, the eyes are in a continuous state of activity. 
Thus, even with constant fixation, there are occasional large, jerky movements that aver- 
age 4 minutes of are and occur at intervals of 1 to 2 sec. In between these are smaller 
swinging movements, and superimposed on both are very small vibratory movements. 
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The voluntary movements are said to be conjugate if in the same direction, and disjunc- 
twe if in the opposite direction, as when the eyes converge for a near object. The limits 
within which the eyes can move without head movement determine the field of fixation. 
Obviously, this will vary with anatomical features of the head, but it is illustrated typi- 
cally in Fig. 5. The disjunctive movements are primarily concerned with convergence 
movements within which binocular fusion can be maintained, and this is of importance in 
ophthalmology since abnormalties in this function often lead to ocular discomfort. The 
“far point”’ of convergence, which may be behind the head (a divergence of the eyes), can 
best be measured by ophthalmic prisms, while the “near point’? can be measured by 
bringing a small object nearer and 
nearer to the nose until doubling 
occurs. Abnormalities in conver- 
gence are frequently associated 
with refractive errors but may have 
more deep-seated innervational 
origins. If one eye is covered 
while the other fixates a given 
point, the covered eye may deviate 
from the direction of the point. 
This deviation, when binocular 
vision is prevented, is called hetero- 
phoria. If the eye deviates out- 
ward, inward, upward, or twists 
about the fixation axis, the phorias 
are said to be exophoria, esophoria, 
hyperphoria, and cyclophoria re- 
spectively. Almost everyone ex- 
hibits at least a small phoria for 
certain visual distances, and in 
fact an exophoria of about 2 to 3 
degrees for near objects would be 
considered normal. Phorias fre- 
quently are indications that sus- 
tained efforts are being made to Fiae. 5. An Illustration of Typical Monocular and Binocular 
maintain proper convergence of Fields of Fixation (from Asher, Arch. f. Ophthal.) 
the eyes in binocular vision. 

In reading or similar visual tasks, the eyes make a series of short interrupted movements 
called saccadic movements. Even between two points, the movements do not occur 
exactly but may arrive by a series of small successive approximations, one eye usually 
leading. Eye movements are generally quicker in the horizontal than in the vertical 
directions, and lateral movements are faster than convergence movements. Convergence 
movements are more rapid than divergence movements. The speed of movement varies 
with the excursion, attention, and other conditions, but on the average is between 100 
and 200 degrees per second. 
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ABERRATIONS. In addition to the usual aberrations, the image on the retina of 
the eye suffers also from irregular defects due to non-homogeneities in structure and the 
lack of symmetry in the optical media. The axis of the crystalline lens is tipped and de- 
centered with respect to that of the cornea. The visual axis, which is determined by 
the fovea as well as the pupil, is usually decentered with respect to both the axes of the 
cornea and the lens. The spherical aberration is asymmetrical. From the central zone 
of the pupil to the outside zones the eye tends to be myopic, increasing at first rapidly, 
then reaching a maximum at 1 mm, beyond which the myopia decreases slowly. The 
problem of the spherical aberration of the eye is a complex one, and there are not yet 
enough data to understand it satisfactorily. The chromatic aberration of the eye from 
the C (656 my) to the F (487 my) lines of the hydrogen spectrum amounts to about 0.7 
diopter. The red rays are focused to a point beyond the retina; blue rays, to a point ante- 
rior to the retina. The eye is said to be hyperopic to red, myopic to blue light. The 
change in chromatic foci for equal changes in wavelength is much less toward the red but 
increases markedly toward the blue. No entirely satisfactory explanation has been given 
as to why chromatic halos about images of point light sources are not seen by the eye. For 
emmetropes (individuals with no refractive error) the eye focuses approximately for the 
D (580 my) or yellow line of hydrogen. 
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Astigmatism at oblique incidence is a larger aberration. The primary (tangential) 
astigmatic field differs only slightly from the surface of the retina out to 20 degrees, while 
the secondary field rapidly increases in the myopic sense to nearly 11/4 diopters at a 
peripheral angle of 20 degrees. There is very little coma in the eye, and the curvature of 
the field approximates the curvature of the retina itself. The retinal image is believed to 
have a slight barrel distortion, though this is difficult to determine because of the subjec- 
tive asymmetries of the retinas. 

These aberrations in themselves, together with diffraction phenomena, would tend to 
reduce greatly the resolving power of the eye. However, as Gullstrand has pointed out, 
these aberrations together produce a complex caustic surface in the cone of light converg- 
ing toward the retina, so that actually the area of maximum light concentration in the 
image may be small. This makes possible a resolving power whose limit is determined 
only by the diameter of the receptor nerve endings. 

REFRACTIVE ERRORS. The eye can be defective as the result of anomalies in the 
refractive media or in the length of the eyeball, when it is said to be ametropic. The result 
is blurred retinal imagery, with the attendant loss in sharpness of vision. Regular ame- 
tropia is of two types—spherical and astigmatic. The first results from symmetrical 
abnormalities of the refractive media, or from an increased or decreased length of the eye- 
ball. Astigmatic errors result only from non-sphericity of the surfaces of the cornea 
and/or of the crystalline lens. When the image focuses inside the position of the retina, 
the eye will be nearsighted (myopic), because only when the objects are brought to the 
eye will the images move back to the retina and appear sharply defined. In the reverse 
case, when the point of focus is behind the retina, the eye is said to be farsighted (hyper- 
opic), because nearer objects are the more blurred. Nearsightedness can be corrected 
with a minus (diverging) ophthalmic lens of proper power before the eye; farsightedness 
with a positive (converging) lens. When astigmatism is present, the light, after entering 
the eye, focuses not as a point but as two lines separated in space and at right angles to 
each other. Images of lines in space which are parallel to that focal line nearest the retina 
will be seen more distinctly than those lines at right angles. For astigmatism, the corrective 
ophthalmic lens before the eye must have one toric surface. Astigmatism may (and usually 
does) occur in combination with spherical refractive errors. 

Usually, when a refractive error is corrected by an ophthalmic lens, the magnification 
of the retinal image cannot be predicted. A spherical refractive error due to an elongation 
(or shortening) of the eyeball, when corrected by a lens, results in practically no magnifica- 
tion (or diminution) of the retinal images. If the refractive error is due to abnormalities 
in the refractive media, then a magnification (if the correcting lens is for farsightedness) or 
a diminution (if the correcting lens is for nearsightedness) will occur. The degree of 
magnification (or diminution) will be roughly 1 1/2 to 2 per cent per diopter power of the 
correcting lens. Differences in the magnification of the images of the two eyes may result 
in discomfort. 

DEPTH OF FOCUS. As in any optical instrument, the image falling upon the retina 
of the eye can be slightly blurred, because of the eye’s being out of focus, without an appre- 
ciable loss of perceived definition of the image. Thus, with the eye accommodated (fo- 
cused) for a given distance, objects somewhat nearer and farther than this distance will 
appear clear. The distance between the two limits of visual distance within which the 
images on the retina appear not to suffer loss of definition is called the depth of focus. 
This fact arises, in part, because the maximum light concentration is in the center of the 
blur circle. Only when the intensity of this central portion is reduced as the blur circle 
is broadened will there be a loss in definition. The spherical and other aberrations of the 
eye are such that the depth of focus is greater than might be anticipated from ordinary 
theoretical expectations. Owing to the constriction of the pupil with accommodation and 
convergence, the depth of focus increases with the nearness of the fixation object. For 
distance vision the depth of focus, measured as the difference of the reciprocals of the 
nearer and farther limiting distances (in meters) for clear vision, is about 0.3 diopter, 
which increases to about 0.7 diopter for a visual distance of 20 em. With the eyes relaxed 
for distant vision, and taking into account that the conjugate point to the retina is usually 
not at infinity, one could expect all objects beyond 12 ft to be clearly defined. With 
the eyes accommodated for the reading distance of 16 in. from the eyes, all objects from 
about 14 1/2 to 17 1/2 in. will appear clearly defined. 


9. THE LIGHT SENSE 


; THRESHOLD OF LIGHT VISIBILITY. It must be clear that all determinations of 
visual thresholds involve problems in psychometrics (Guilford). A given weak stimulus 
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may not always result in a definite response, and a still weaker stimulus will be responded 
to even less often. One determines, then, the percentage of responses for a number of 
exposures to the same stimulus strength. The stimulus strength is then varied in fixed 
steps. What percentage of responses corresponds to the threshold is a matter of defini- 
tion and varies with the experimenter. It is well to know this in trying to understand 
and compare threshold data. 

As a device for detecting radiant energy, the eye is exceedingly sensitive, though its 
response is confined to a narrow region of the spectrum, from about 360 my to 750 mu. 
The threshold of perception of light varies, of course, with the wavelength of the light, the 
size of the stimulus, and the length of exposure to the stimulus. It is also different for 
the cone and rod systems of the retina. Under optimum conditions, and taking the 
threshold as the 60 per cent response to exposures, Hecht found that with different ob- 
servers the threshold varied between 2.2 and 5.7 X 107!° erg measured at the cornea, 
which amounts to about 58 to 148 quanta of light energy. In this experiment a test light 
stimulus of wavelength 510 my was used, which subtended a visual angle of 10 minutes 
of arc, and which was exposed 
as a flash of 0.001-sec duration. 8 
The test light was arranged to 
stimulate rod vision 20 degrees 2 
temporally from the fovea, and 3° Above Fovea 
the subject was, of course, Rods = 
completely dark adapted. 

The relative thresholds of 
visibility for complete dark 
adaptation of the rods and 
cones of the fovea for different 
wavelengths are illustrated in 
Fig. 6 (Wald). Here the spec- 
tral sensitivities (reciprocal of 
the threshold stimulus 
strength) are plotted. The 3 
stimulus was a circular field 
subtending a visual angle of 1 
degree, and this was exposed 
for 1/95 sec. For the red vision 
a point 8 degrees above the 400 500 600 700 ZB 
fovea was used. It is clear Wavelength-my, 
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ia : peste: A: . eae Fic. 6. Spectral Sensitivities of the Rods and Cones of the Eye, 
Bhi gel eee © egrees 1NtO Expressed Relative to the Maximum Sensitivity of the Fovea 
the periphery of the retina are (Wald, Science) 


2.5 times more sensitive than 

the cones at the fovea. The maximum sensitivity (lowest threshold) for the cones occurs 
at 562 mu whereas that for the rods occurs at about 505 mu. The displacement of the 
maxima toward the blue end of the spectrum from cone to. rod vision is known as the 
Purkinje phenomenon. The fact that at the red end of the spectrum the rods and cones 
have essentially the same threshold sensitivities is also of special importance. 

The exact relationship between the area of the light stimulus and its intensity just at 
the threshold of visibility is not entirely known. For the fovea, with areas less than 10 
minutes of arc, and for the periphery, for areas between 2 and 7 degrees, the product of 
the area and intensity is approximately a constant. This fact is known as Ricco’s law for 
the fovea and Piper’s law for the periphery. These laws are wholly inadequate for wider 
ranges of area, and, in general, for larger areas the product of area and intensity appears 
to be a decreasing function of area. 

In a somewhat similar manner, with a constant area, the relationship between intensity 
and the duration of the stimulus is not fully understood. For brief flashes of duration of 
less than 0.2 sec, and with small areas, the product of duration of the flash and the intensity 
is approximately constant (Bloch’s law). _However, for longer durations this constancy 
no longer holds, and finally the intensity alone becomes the determining criterion for 
threshold perception. It has also been found that the stimulation of one part of the retina 
by a small light source depresses the sensitivity of other parts of the retina for simulta- 
neous but not for succeeding stimuli. 

SPECTRAL LUMINOSITIES. The so-called visibility curves for daylight (photopic) 
vision and twilight (scotopic) vision are obtained in brightness-matching experiments. A 
small area illuminated by a narrow region of the daylight spectrum is presented adjacent 
to a standard field of constant brightness and one to which the eye is adapted. The sub- 
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ject adjusts the intensity of the colored light in the test area so that it is apparently equal 
to the brilliance of the standard 

0.8 field. The reciprocal of the inten- 
sity of the transmitted spectral 
L he colors for the match measures the 
relative brightness values of the 

visible spectrum. The data are ob- 
= tained when the brightness of the 


[ae standard field and the surround- 
Aubert ings correspond to average day- 
; light intensities and again to twi- 


K ve : 
a pony light visual conditions. Figure 15, 
Pal tee ] p. 14-14, shows the curves which 
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AI A rlanena are usually found but in which the 


‘al maxima are adjusted for the same 
height. With luminosities above 

| about 0.01 lumen per sq ft, the 

t+ photopic or cone visibility curve, 
4\4 which has a maximum at about 
555 muy, is found, while with lumi- 
nosities below about 0.001 lumen 
per sq ft, the scotopic or rod 
visibility curve is found, with a 
maximum at about 507 mu. For 
brightness levels between 0.01 and 
5 0.001 lumen per sq ft there is a 

—5 -—-4 -3 -2 -1 ) 1 2 3 4 gradual shift of the position of the 

Log Luminosity-Millilamberts curve, this being a transition from 

Fic. 7.. Typical Data Showing the Differential Threshold of Cone to rod vision. The displace- 
Brightness Discrimination (from Hecht, J. Gen. Physiol.) ment of the maximum is again the 
Purkinje phenomenon. In very 

low illuminations the eye responds less and less to the red while still responding to the 
blue. No Purkinje displace- 


ment is found for foveal vision 
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TIVITY. The smallest differ- 

ence in brightness that can 

just be perceived (just-notice- 140 
able difference) between two 
areas is a measure of the 
differential threshold of visi- 
bility from which one arrives 
at a value of the differential 
sensitivity, or contrast sensi- 
tivity. The differential thresh- 
old varies greatly with the 
illumination, the wavelength, 
the size and separation of the 
test areas, and the luminosity 
of the surroundings. The 
differential threshold is ex- 
pressed as the ratio AJ/I, 
where J is the luminosity of 
the standard area and the 20 
adapting field, and AI is the 
difference in luminosity of the 
test area and the standard 
area for the just-noticeable 
difference in brightness. The 


SAcaS ‘ Fic. 8. The Contrast Sensitivity of the Eye, Showing Data of 
contrast yeah eS ee Koenig, Blanchard, Holliday, and Stiles and Coed (after 
reciprocal 0 1S quantity. Moon, Scientific Bases of Illuminating Engineering) 
Typical differential threshold 


results are shown in Fig. 7, showing data recomputed by Hecht. Because of the wide range 
in luminosities necessary, the abscissas are plotted on a logarithmic scale. In the photopic 
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part of the curve the fraction AI/I is nearly constant, and only in this region can the 
differential threshold of the eye be said to illustrate Weber’s law. For very high luminosi- 
ties a slightly decreased sensitivity may be found, but this can be attributed to uncon- 
trolled illumination of the more peripheral surroundings of the test areas. That part of 
the curve below 0.013 millilambert results from rod vision only, and a somewhat abrupt 
change near that point is suggested by the data. It is sometimes more instructive to plot 
the differential threshold data as the contrast sensitivity (I/AJ), as shown in Fig. 8. 

If smaller test and standard areas are used, the sensitivity is less, that is, the curve lies 
higher on the AI/I axis of the differential threshold graph. Also it is found that, if the 
luminosity of the surroundings outside of the test and standard areas is kept constant, 
and then that of the standard area is varied, the differential threshold is increased (sensi- 
tivity decreased), and the entire curve lies above the curve shown in Fig. 7. The luminos-~ 
ity of the surroundings of the test field is an important factor in the contrast sensitivity 
of the eye. \ 

ADAPTATION. When one goes from a brightly illuminated room to one that is only 
dimly illuminated, several minutes must elapse before details in the room can be discerned. 
_ Likewise in going from the dark room into sunlight there are a few moments of blinding 
glare. In either case, the eyes become adjusted to the prevailing brightness of the visual 
field in a few minutes. The retinal process by which this occurs, as well as the final sta- 
tionary state, is called adaptation. 

By the process of adaptation the 

sensitivity of the eye to contrast 

differences is automatically -2 
changed to meet changing lumi- 
nosities of the surroundings. In 
light adaptation (photopic vision) 
the visual sensitivity of the eye de- 
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of the retina. To a small extent and of the Fovea Showing the Behavior of the Cone and Rod 
the pupil aids in the adaptation Systems (Hecht, J. Gen. Physiol.) 


processes. A typical curve show- 

ing the progress of dark adaptation of the eye as a whole is shown in Fig. 9. The ordinates 
indicate the luminosity of the test object at the threshold of visibility at any given mo- 
ment in the progress of the dark adaptation. The upper curve results from the activity 
of the retinal cones; the remaining part of the curve results from the rods. The data show 
that foveal (cone) dark adaptation is nearly complete in 2 to 10 min. For the rods the 
eye is essentially dark adapted in 40 min, though the sensitivity can still be shown to in- 
crease slightly for longer periods of time in total darkness. Anomalies in dark adaptation 
may be due to vitamin A deficiency. 

The progress of dark adaptation varies somewhat with the size of the test object and 
especially with the intensity of the illumination in the previous light adaptation. There 
is evidence also that the rate of dark adaptation can be increased and the dark adaptation 
maintained when the observer wears dark red glasses, adequately shielded, in ordinary 
illuminations (Rowland and Sloan). 

The rate of light adaptation is very much more rapid than dark adaptation. Though 
dependent upon the intensity of the adapting light, the sensitivity drops to a fraction of 
its initial value within the first few seconds, and the light adaptation is nearly complete 
in 1 min. 


10. TEMPORAL ASPECTS OF PERCEPTION 


PERSISTENCY OF VISION. From the instant the retina is stimulated to the moment 
the first sensation occurs, a brief interval of time has elapsed. This interval, called the 
latent period, which, in a sense, is a visual reaction time, depends upon the nature and 
strength of the light stimulus and upon the adaptation of the retina. Under ordinary 
light conditions, the latent period is roughly between 0.06 and 0.2 sec. As the intensity 
of the stimulus is increased, however, the latent period decreases to a minimum (0.065 to 
0.130 sec), beyond which further increases in intensity will not shorten the latent period. 
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Above the minimum, this interval varies approximately inversely as the logarithm of the 
intensity. In dark adaptation, the latent period, for threshold conditions, may be 0.5 to- 
1 sec, depending upon conditions. The latent period is generally shorter in the peripheral. 
parts of the retina than at the fovea, and shorter for blue light than for red. 

With a flash stimulus, the sensation persists for some time after the stimulus has ended. 
The magnitude of the light sensation and its duration vary with the adaptation level of 
the eye, that is, the luminosity of the 
background upon which the stimulus 
is seen and the strength of the stimu- 
lus. Typical curves are shown in 
Fig. 10. The duration of the im- 
pressions from stimuli of equal 
brightness is longer for the fovea 
than for the peripheral parts of the 
retina and is generally increased as 
the eye is more dark adapted. An 
increased intensity of the stimulus 
results in a decreased duration time. 
For colored light the persistence of 
the sensation varies inversely to the 
Lumen per Sq Ft apparent luminosities of the visibil- 
ity curves and hence is shortest for 
yellow, longest for blue, and inter- 
mediate for red. 

After the first sensation has faded 
away, several after-images may again 
appear at intervals depending upon 
the luminosity of the surroundings 
and the intensity of the stimulus. 
If the after-image corresponds to the 
original impression as regards con- 


A Eee ae ane trast and color it is called positive; 

Bie. 10, Uastration of the Apparent Brightness and the if the light-to-dark relationships are 

ulus (Data of Broca and Sulzer, from Luckiesh and Moss, ‘eversed and the colors are comple- 

Science of Seeing) mentary to the original impression 

it is called negative. Considerable 

practice is sometimes necessary to see these images, for conditions of fatigue, adaptation, 

and inhibition may greatly affect their appearance. The typical sequence of after-images 

is illustrated in Fig. 11, where the ordinate represents the relative brightness of the after— 
images, positive above and negative below the abscissa. 
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Fie. 11. Diagram of the Sequence of After-effects Following a Flash Stimulus in the Light-adapted Eye. 
(after Tschermak-Bethe, Handb. normal u. path. Physiol., 12/1, 11) 


PERIODIC STIMULI AND FLICKER. Periodic light stimuli may be perceived as: 
discrete flashes, but if made sufficiently rapid, so that the persistent sensation from one 
stimulation curve overlaps the rise of the primary sensation from the succeeding stimula- 
tion, the sensation will be the same as that for a continuous illumination. 

The brilliance of fused periodic stimuli which have different intensities is the same as. 
the average intensity (Talbot’s law), that is, the integral of the photometric luminosity 
of the periodic stimuli divided by time. This law holds accurately except for extremes of 
high and low intensities. That frequency at which periodic stimuli are first perceived as 
a steady illumination (fused) is known as the critical flicker frequency, which may be 
abbreviated to e.f.f. The critical flicker frequency varies with the illumination, the part 
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of retina being stimulated, the area of the flickering field, the ratio of the light-to-dark 
intervals of the flashes, the retinal adaptation, the wavelength of the light, and the pres- 
ence of other steady light stimuli also falling upon the retina. So reliable is the c.f.f. 
under controlled conditions that it is sometimes used to measure luminosities and adapta- 
tion levels. 

The manner in which the c.f.f. for small test fields illuminated with white light varies 
with illumination and for different parts of the retina is shown in Fig. 12. In the rod-free 
area at the fovea, the c.f.f. varies proportionately with the logarithm of the illumination 
(Ferry-Porter law), except at the extremes of the illumination. The maximum critical 
frequency is about 53 cycles per second. The c.f.f. decreases for flicker stimuli on the 
peripheral parts of the retina. If the area of the flickering field is large, however, the 
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Fig. 12. The Relationship between the Critical Flicker Frequency and the Illumination, for Different 
Parts of the Retina (Hecht, J. Gen. Physiol.) 


critical frequency may be found higher in the periphery, which indicates a spatial summa- 
tion of the retina in the periphery. The curves generally appear to be in two parts, a 
division which is attributed to the rod and cone behavior. The c.f.f. for various colored 
stimuli is substantially the same as for white light if their apparent luminosity is the same 
as that of the white light and the intensity is above the cone threshold. 

In the curves shown in Fig. 12, the duration of the light phase was equal to that of the 
dark. Where the dark phase is longer, generally higher critical frequencies are found, and 
when shorter, lower critical frequencies are necessary, especially in the ordinary ranges of 
jlluminations. Only at high intensities of the light stimuli will this generalization be in- 
valid. Rapid eye movements or rapidly moving periodic stimuli enhance the appearance 
of flicker, and under these conditions higher frequencies are necessary. A steady illumina- 
tion of one part of the retina changes the c.f.f. of a periodic stimulus in another part if 
the separation of the two stimuli is not too great. In general the c.f.f. increases as the 
brightness of the steady stimulus is increased, until a maximum is reached, beyond which 
it then decreases. 

Bartley found that for periodic stimuli below the c.f.f., and at about 8-10 flashes per 
second, there is a marked enhancement of the apparent brightness of the stimuli. 


11. COLOR 


A clear differentiation must be made between the color stimulus and the color sensation. 
The color sensation and all the associated phenomena are purely psychological (experien- 
tial). The stimuli measured in terms of energy and wavelength are physical. The color 
problem is fundamentally the finding of the relationships that exist between the color 
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sensation and the physical stimuli. Moreover, relationships found for color mixtures 
from spectral light will not necessarily be true when colored pigments are mixed. This 
fact has led to much confusion and controversy. The spectral luminosities reflected from 
pigments, however, are subject to the same laws as those from spectral light. 

Colors are ordinarily seen as properties of objects and hence are usually associated with 
the objects themselves. There are, therefore, many psychological constancy phenomena 
in which objects tend to retain their color and brightness when seen in varying conditions 
of light and shade. Photographic scenes in color projected in an otherwise darkened room 
tend to retain normal color relationships in spite of actual wide deviations. Under other 
conditions where these reproductions are viewed against backgrounds of stable color and 
contrast relationships, these deviations are more readily apparent. To study correlations 
between the quality of color experience and the physical composition of light, the test 
fields must be dissociated from known objects having spatial values. These psychological 
facts are important in dealing with color problems. 

A given color sensation is said to have three dimensions: hue, saturation, and brilliance. 
Hue is associated with the dominant wavelength of the light stimulus. Saturation indi- 
cates the amount or degree of the hue present (deep-red as against pale-red) and repre- 
sents the ratio of the luminosity of the pure spectral light to that of the white light present. 
Brilliance (apparent brightness, apparent luminosity) indicates the total intensity (energy) 
of the colored light stimulus. Frequently, hue and saturation are considered together 
under the term chromaticity. 

SATURATION OF THE SPECTRAL COLORS. All spectral colors do not appear 
equally saturated, that is, some have a greater sensation of white than others. The ratio 
of the luminosity of the least perceptible spectral color to the luminosity of a background 
field defines the least-perceptible colorimetric purity for that color. Two halves of a test 
field are equally illuminated with white light. To one half a spectral color is added, and, 
in order that the brightness of the two fields shall be the same, the luminosity of the white 
light of that field is decreased as the spectral color is added. The intensity of this spectral 
color is then increased until the two halves of the field just appear different in color. From 
the luminosity of the added spectral colors the colorimetric purity of the spectrum can be 
found. Figure 13 illustrates data obtained in this manner. It is clear that a great deal 


0.100 


0.050 


0.010 


Colorimetric Purity 


0.005 


—o—o— Priest 


—e—e— Brickwedde 


400 500 600 700 
Wavelength-mp 


Fia. 13. The Least-perceptible Colorimetric Purity of the Visible Spectrum (Data of Pri ick- 
wedde, after Hecht, J. Gen. Physiol.) Oe eee 


more of yellow than red or blue is required to produce a least-perceptible color, and yellow 
is therefore considered a less saturated color than red or blue. 

HUE DISCRIMINATION THRESHOLD. The change in wavelength corresponding 
to a just-noticeable difference in color varies over the spectrum and also somewhat with 
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the individual. In general, however, the data are similar, and the resultant curves show 
three maxima and three minima. In Fig. 14 are illustrated representative data for an 


individual with normal color vision. The dis- 
crimination is poorest at the ends of the spec- 50 
trum, especially in the red. 

COLOR SPECIFICATION. The color 


stimulus (as distinct from the color sensation) 40 
of any color field can be specified quantita- 


tively by the luminosity of the radiation given 
off for each part of the spectrum. This can 
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usually be measured by a spectroradiometer 
or a spectrophotometer. Under any condi- 
tion, the objective color from a given surface 
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can then be specified by a spectrophotometric 

curve obtained from those measurements. 
The eye itself cannot analyze the radiation 

from a color stimulus as can the spectro- 10 


Threshold Amp 


photometer, for it responds in a complex 
manner dependent not only upon the visual 
processes and their reaction to light stimuli 


. . (0) 
but also upon certain psychological factors. 400440 480 520.560 600 640 680 


There are, therefore, many different objective 
color stimuli, as specified by spectrophoto- 
metric curves, which will result in the same 
color sensation. It is possible, however, to 
transform the data from the spectrophoto- 


Fie. 14. 
Color for the Visible Spectrum (Data of Jones, 


Wavelength-my 
The Least-perceptible Difference in 
J. Optical Soc. Am.) 


metric measurements by means of standard data from color-matching experiments, so that 
equal color sensations can be specified by three quantities derived from the objective 


stimulus. 


The I.C.I. (International Commission on Illumination) system is that most used for 
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Fia. 15. Tristimujus Values for the Various Spectral 

Colors. The values 2, y, 2 are the amounts of the three 

I.C.I. primaries required to match in color a unit amount 

of energy having the indicated wavelength. (Hardy, Hand- 
book of Colorimetry.) 


accurate color specification. It is 
based upon the theory that the 
chromaticity (hue and saturation) 
of any color stimulus can be speci- 
fied by three quantities, which rep- 
resent the proportions of three 
selected primary light distributions 
that are necessary to match the 
color sensation evoked by a given 
stimulus. The amounts (luminosi- 
ties) of each of three selected pri- 
mary color sources that must be 
added together in order to match 
a given spectral color are deter- 
mined by these color-matching 
experiments. These amounts are 
called the tristimulus values of the 
three primaries for that color. 
Three standard spectral distribu- 
tions of equal energy, whose tri- 
stimulus values are # = fz(A), 
g = f,(A), and Zz = f(A) (A being 
wavelength), are especially se- 
lected, with dominant wavelengths 
in the red, green, and blue respec- 
tively. Cf. Fig. 15. These pri- 
mary distributions are obtained by 
transformations from the experi- 
mental data with real primaries; 
they are specially selected to avoid 
negative tristimulus values and to 


meet other requirements for a convenient system. The g spectral distribution function 
has been made to correspond to the photopic visibility curve. Any homogeneous spectral 
radiation can be specified by the tristimulus values read directly from the curves or special 
tables (Hardy). For a spectral radiation objectively specified by a spectrophotometric 
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curve, the tristimulus values are found by summing up the products of the energy EH) for 
all wavelengths by the corresponding tristimulus values from the standard primaries from 
the tables, viz., 


eo eo fe) 
Tyee = Pos - ys = 
a! = f ZB, dX y th GE, dy 2 if 2B, dd 


Through the choice of primary standard distributions the second integral gives directly 
the relative luminosity (brightness) of the color stimulus on a black (zero) to pure white 
(100) scale. In practice, the tristimulus values for any spectrophotometric curve are 
computed by averaging the products of ¢H, (and gH#) and ZE,) for equally spaced wave- 
lengths. 

_ The values of 2’, y’, and z’ do not necessarily measure the color sensation, but they do 
state the conditions under which different spectral stimuli will result in the same color 
sensation. It must be borne in mind that this sensation may vary slightly between indi- 
viduals and even with other factors, such as size of field and conditions of the surround- 
ing fields. 

THE CHROMATICITY DIAGRAM. A convenient graphical representation of the 
chromaticity of any spectral stimulus is made by plotting the trichromatic coefficients 
which are defined by the ratios 

a! q y! 
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and the third would be related to the other two by x + y+2= 1. The result is the 
standard chromaticity diagram in which colors of equal luminosity are represented in 
terms of dominant color and 
saturation. See Fig. 16. Color 
matches are known to be 
stable through wide limits of 
luminosity; hence this repre- 
sentation is valid. 

The visible spectrum ar- 
ranges itself in a horseshoelike 
curve beginning with red 
(700 my) and passing counter- 
clockwise through orange, 
A yellow, green, blue to a deep 

i Black-body purplish blue (400 my). The 
Radi aty: straight line joining the ends 

of the spectrum contains the 
purples. Clearly, this line is 
not part of the spectrum. 
White light is represented by 
various points on a curve 
: near the center of the dia- 
1.0.1. Illuminant C gram, its exact position de- 
pending upon the tempera- 
ture of the source. The 
luminant recommended by 
the International Commission 
on Illumination is shown on 

0 OOo OS om 0.5 06 0.7 08 the diacram at C. ant tives 


He TeekthelChene ae Se LBA HE 5 a8 6 color stimulus will also be rep- 

. . 1s 1clty lagram, Oowlng e eometrica ; 7 7 

Arrangement of the Spectral Colors and the Locus of White Lights resented by a point within 
(after Hardy, Handbook of Colorimetry) this curve. Figure 17 shows 


the approximate color names 
for the different portions of the diagram. The dominant wavelength of any stimulus’ will be 
given by the place where a straight line drawn through C and the point intersects the nearest 
part of the spectral curve. The complementary wavelength will be the intersection point 
on the spectral curve diametrically opposite. The saturation or excitation purity of a 
given color can be determined from the ratio of the distances of the point from C, and 
from the dominant wavelength on the spectrum curve. The resultant color of a mixture 
of any two colors represented by two points on the I.C.I. diagram will be represented 
somewhere on the straight line drawn between the two points. The advantage of this 
representation is its direct quantitative application to spectrophotometric data. Its 
disadvantage, however, lies in its graphical distortion of color differences. 
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OTHER SYSTEMS. The Ostwald and Munsell systems consist of orderly arrange- 
ments of colors based upon their visual relationships, and not dependent upon the mixture 
of pigments or upon the physical measurements of the light, and independent of the illu- 
mination. Both these systems are illustrated in carefully prepared charts with orderly 
arrays of colored patches, which vary in hue, saturation, and value according to the con- 
cept of the author. 

COLOR TOLERANCE. Nearly as important to color specification is the necessity of 
knowing color tolerances. The most thorough study, to date, is that of MacAdam in 
which the color tolerances in 
changes in hue and in saturation 
were determined. 

COLOR ADAPTATION. Ifthe 
eyes are subjected to a large field 
of a spectral color for a period of 
time, the perception of hue of other 
colors becomes modified and dis- 
torted. This may be in the nature 
of an adaptation. Two electric 
lamps, one white and one colored, 
say red, are set in front of a large 
white screen several feet apart. Y 
Then an object is placed nearer 
the screen in between the lamps, : pS 
so that two shadows, one from the Link 
white and one from the red lamp, 
are cast upon the screen. Upon 
continued observation it will be 
found that the shadow cast from 
the red lamp will appear green, 
complementary to the red color, 
while the shadow from the white 
light will appear red. In the gen- 
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eral perception of colored objects : 0.6 O07 0.8 
in fields of familiar detail, the color ; a 

relationships tend to HOMES the Fie. 17. Approximate Color Names for Various Parts of the 
same, in spite of rather wide vari- Chromaticity,Diagram (Kelley, J. Optical Soc. Am.) 


ations of illumination intensities 
and even color. If the visual fields are isolated and confined, however, to small areas, apart 
from the larger field, this color-constancy phenomenon tends to disappear. 


12. THE SPACE SENSE 


It is necessary to distinguish clearly between objective space, filled with real objects, 
and visual space, filled with visual objects. It is somewhat meaningless to ask whether the 
position of visual objects is identical to that of the real objects. It is only necessary that 
the relationships between visual space and objective space be sufficiently stable so that 
the organism can effectively operate within real space. The visual perception of space is 
essentially egocentric in that objects are localized with respect to the body. The final 
perception of space arises through a complex integration of (1) the visual clues inherent in 
the pattern of the dioptric images that fall on the retinas, (2) the simultaneous impres- 
sions from the other senses, (3) experiential factors that have been associated with visual, 
auditory, and tactile stimuli, and (4) the immediate attention of the individual. It is 
convenient to regard space perception in terms of (1) the discrimination of direction (ego- 
centric and bidimensional), and (2) the discrimination of depth, that is, the third dimen- 
sion. , 

DIRECTION LOCALIZATION. By virtue of the discrete make-up of the retina (the 
retinal mosaic), the various parts of the dioptric images on the retina can be differentiated 
through some type of ‘‘local signs’’ associated with the retinal elements, which, in this 
case, is a subjective visual direction. Resolving power and ‘visual acuity ‘are measures of 
the keenness with which this differentiation can be made. The fovea‘is the primary 
point of reference, and the subjective direction of objects is described in terms of ‘‘breadth” 
(right or left) and ‘“‘height’’ (above or below) the point of fixation which is imaged on the 
fovea. The subjective visual directions then are relative to the fovea. By a reflex process 
associated with the eye, head, and body movements, the change in the subjective direction 
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of the whole visual field that would occur with eye movements is counteracted, so that 
objects tend to appear in the same “‘absolute”’ direction in spite of the fact that the images 
move across the retina. 

The precision of the relative subjective direction varies greatly with the character of 
the visual field, and in many cases estimations actually are inaccurate. Probably the 
highest precision is in the estimation of when lines are parallel or when they are straight, 
and in the comparison of angles whose corresponding sides are parallel. In the estimation 
of differences in length, a greater precision is found in the horizontal than in the vertical. 
Vertical distances, moreover, look longer than equal horizontal distances. In the estima- 
tion of lengths, accuracy varies with the lengths to be compared and their relative posi- 
tions. When attempting to determine the center of line segments without eye move- 
ments, the eye tends to overestimate the portion on its own side (Kundt partition phe- 
nomenon), though frequently the reverse is found. Subdivided and filled spaces look 
longer than unfilled spaces. Acute angles are generally overestimated and obtuse angles 
are underestimated. Magnitudes are diminished in the presence of larger magnitudes 
and magnified in the presence of small ones. Many of the well-known illusions are exam- 
ples of these errors in the perception of direction. 

VISUAL ACUITY AND RESOLVING POWER. The visual acuity of the eye is the 
degree to which it is able to discriminate fine detail in the visual field, and this varies 
considerably with the type of detail, the contrast, illumination, surrounding brightness, 
adaptation level, etc. In a strict sense, resolving power is more definitive than visual 
acuity; it is measured as the reciprocal of the smallest visual angle (usually in minutes of 
arc) by which two objects can be seen separately. The theoretical limit of visual resolution 
would be determined by the size of the diffraction circles on the retina and the dimensions 
of the retinal elements. However, for pupils of normal and larger sizes the spherical and 
chromatic aberrations, together with small irregular astigmatism that is usually present, 
modify the nature of the light intensity distribution within the image, so that, with the 
contrasts ordinarily encountered, the resolution is better than that based upon diffrac- 
tion alone. For small pupils a marked decrease in acuity is found, probably resulting 
from the increased size of the diffraction circles, but for pupils larger than 2 to 3 mm the 
acuity remains nearly constant (Cobb). Faint stars whose angular separation is 1 to 
1 1/. minutes of arc can usually be resolved. With small point light sources of low con- 
trast with respect to the background, the minimum angle of resolution may be 100 seconds 
with a mean error of 5 seconds of arc. With repeating patterns such as lattices, grids, or 
checkerboard patterns the minimum angle of resolution varies between 50 and 75 seconds 
of arc, under optimum conditions. 

The eye is, of course, capable of much finer discrimination of detail than that which 
would be obtained on the basis of resolving power alone. Experiments which indicate 
this fine appreciation of detail involve least-perceptible differences in contours. These 
differences have been expressed as the mean error of settings, or in the 50/50 point, in 
correct judgments. Typical results are shown in the table below. 


Mean Error, 


Test seconds Authority 
Widening of lowerlhalf Of slit.c cmc cise ies eve aus ect 10-12 Wulfing (1892) 
Coincidence of vertical lines (the vernier)........... 8-12 Brian and Baker (1912) 
Coincidence of vertical lines (the vernier)........... 13 Best (1900) 
Coincidence of vertical lines (the vernier)........... 3 Langland (1929) 
Coincidence of vertical lines (the vernier)........... 0.6 French (1920) 
Coincidence of vertical lines (the vernier)........... 2 Wright (1942) 
Error in contact of white disks on dark background.. 15 Dale (1920) 
Alignment of edges of two rectangles..............- 10 Hering (1899) 
Birror.of settme range finders. isa cmisiee sieeies sierieie ee 2-6 von Hofe (1920) 
Stereoscopic displacement of images............-.+- 5-7 Florian (1930) 


In general, where such fine discrimination can be seen, the retinal images of the detail 
(such as extended lines) involve the activity of a larger number of retinal elements. Except 
for monochromatic yellow light, visual acuity is decidedly poorer under colored illumi- 
nants than under white light. This is especially true of blue and only slightly less so under 
red illuminations. Part of this latter decrease in acuity is undoubtedly related to the 
chromatic aberration of the eye. 

Visual acuity is usually measured by a test chart of letters of graded sizes, in spite of 
certain obvious inherent faults. Visual acuity is considered normal when letters can be 
identified the separation of adjacent parts of which subtend an angle at the eye of 1 minute 
of arc. A line of letters, each of which subtends a 5-minute visual angle, is printed on a 
chart in sequence for visual distances of 10, 15, 20, 25, 30, 40, 60, 100, and 200 ft. These 
letters are usually arranged with the smallest at the bottom of the chart, and with a single 
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large E at the top. The acuity tests are usually made at a visual distance of 20 ft, and 
that line of letters which the subject can just read is then recorded relative to 20 ft. Thus 
20/20 represents normal vision; 20/15 indicates that print which could ordinarily be read 
at 15 ft can be read at 20 ft and therefore the acuity is better than normal; and 20/100 
indicates that that type which should be legible at 100 ft can be read only at 20 ft and 
therefore the acuity is much less than normal. Other test objects frequently used are 
the Snellen hook, the Landolt broken ring, and checker-board patterns. 

Because of the increased size of the photosensitive elements toward the peripheral parts 
of the retina and the greater number of them associated with single conductor nerves, 
together with the increased magnitude of the optical aberrations toward the periphery of 
the eye, it is to be expected that the resolving power of the eye would fall off rapidly 
toward the periphery. Figure 18 shows this decrease in resolving power with the increase 
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Fig. 18. The Decrease in Visual Acuity toward the Peripheral Parts of the Retina (Wertheim) 


of the peripheral angle (data of Wertheim). A very rapid decrease in acuity occurs to 
about 5 degrees, and from there the decrease is much slower. This loss of acuity is not the 
same in all the meridians of the eye but is greater in the vertical meridian than in the 
horizontal. Figure 19 shows the isopters of the retina, that is, the curves of equal visual 
acuity (data of Wertheim). 
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Fic. 19. Isopters of Retina, or Curves of Equal Visual Acuity, Showing that the Decrease in Acuity 15 
Greater in the Vertical Meridian than in the Horizontal (Wertheim) DAS 
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There has been evidence that visual acuity is greater for distant vision than for near 
vision. This phenomenon is believed to be dependent upon the type of test and the condi- 
tions under which the test is made, especially for peripheral vision, because opposite results 
: have been reported. 

IRRADIATION. Owing to the aberrations of the optical system of the eye, the images 
of discrete points are not defined with sharp boundaries. Rather, the intensity of the 
light in the image falls off in a bell-shaped curve. The perceived contour depends upon 
the differential sensitivity of the eye, but the image always corresponds to an object larger 
than the original. The position of the perceived contour will tend to be toward the less 
intense end of the light distribution curve. Accordingly, bright objects seen against a 
dark background appear larger than dark objects of equal size against a bright background. 
This phenomenon, called irradiation, depends upon the relative luminosity of the adjacent 
surfaces and varies with individuals because of differences in ocular aberrations. Objects 
of large angular size are increased proportionately only to a small extent, and their size 
can be said to remain constant. For small objects, however, the irradiation increases with 
decrease in angular size. On the other hand, the separation of small black lines against 
a bright background may actually appear larger than it is. This so-called negative ‘‘irra- 
diation”’ is explained, however, by the influence of the mechanism of simultaneous contrast, 
whereby the apparent brightness (or color) of an area is influenced (enhanced) by adjacent 
areas of different brightness (or color). 

VISUAL ACUITY AND ILLUMINATION. The visual acuity of the fovea of the eye 
increases markedly with an increase in the luminosity of the field, but that of the periph- 

eral retina changes scarcely at all. In 


1.8 oO A general, then, studies on visual acuity 
rooss oi and illumination pertain to foveal 

1.6 A vision. The data of Kénig illustrated 
¥ in Fig. 20 (as recomputed by Hecht) 

1.4 are among the most complete on this 

of ° phenomenon. They were obtained 

Tee Ls with a black test object upon a white 
= 00 Jog background and are therefore of maxi- 
=1.0 Ss mum contrast. For illuminations 
< ° from 0.013 to 10 lumens per sq ft the 
80,8 an 2 ah visual acuity is approximately propor- 
= obf, tional to the logarithm of the lumi- 
AP | 9 nosity. The visual acuity obtained at 
lower illuminations decreases rapidly 

Ba { s) | in the neighborhood of 0.001 lumen 
per sq ft, where scotopic vision begins. 

ee From here, for lower illuminations, 

0 only rod vision is involved and the 
change in visual acuity is small. Al- 


os 4-3-2 -1 0 21 2 «3 4 though Kénig’s data show a maximum 
Log I-millilamberts for illuminations greater than 100 
Fra. 20, The Relation between Visual Acuity of the /m™ens per sq ft, and thereafter a con- 


Fovea and Illumination (Data of Koenig revised by Stant visual acuity, more recent data 
Hecht, J. Gen. Physiol.) have indicated that this maximum is 

due to the fact that the brightness of 

the field surrounding the background of the test object was low compared to that of the test 
object itself. In experiments where the brightness of the surrounding field is the same as 
that of the background for the test object, a maximum is not found and the visual acuity 
continues to increase at only a slightly lower rate with a continued increase of illumina- 
tion. The visual acuity is lower for colored light than for white of the same brightness, 
being poorer in the order green, red; blue. In general, visual acuity is also reduced under 


conditions of glare. Se 

When detail is exposed for short-intervals of time (less than about 1 sec), and the 
luminosity of the background remains constant, the visual acuity varies roughly with 
the logarithm of the time of exposure, Below exposure times of about 0.01 to 0.03 see, 
depending upon the illumination, the produet_of time and illumination is constant for the 
same visual acuity. : 

In Kénig’s data the contrast, defined as the ratio of the difference in luminosity of the 
background and the test object-to the luminosity of the background, was very high. It 
has been shown that with lower contrasts the visual acuity is also lower. Figure 21 illus- 
trates data from Cobb and Moss on the relationship between contrast and visual acuity. 
No data are available for bright detail against a darker background, 


THE SPACE SENSE 


14-43 


MINIMUM VISIBLE. Similar to the problem of visual resolution is that of the mini- 


mum visible. 
in resolving power, this depends upon an intensity 
discrimination within the image on the retina and 
hence varies with the nature of the dioptric image, 
the contrast sensitivity of the eye, the size and 
form of the detail, exposure time, etc. Lines are 
more readily seen than dots, and repeating patterns 
of dots, lines, etc., are perceived even more readily. 
Small voluntary and involuntary eye movements 
also aid in the discrimination of fine detail. Under 
general illumination a line against a bright back- 
ground can be seen when its width subtends a visual 
angle of 3 to 4 seconds of arc. Hecht and Mintz 
found that with a similar test object the angular 
width of a wire that could just be seen varied from 
10 minutes to 0.5 second over the complete range 
_of illuminations. The minimum value 0.5 second 
represents a discrimination of about 1 to 2 per cent 
difference in light intensity in the image on the 
retina. When a narrow illuminated slit that is ex- 
posed for short durations is just visible, it is found 
that (visual angle) X (duration of exposure) X 
(adapting luminosity of background) is approxi- 
mately a constant for flashes of 0.004 to 0.189 sec 
of duration (Niven and Brown). 

As indicated above it is now believed that the 
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Fig. 21. Relationship between Minimum 
Angle of Resolution, Luminosity of Back- 
ground, and the Contrast of the Test Ob- 
ject Relative to its Background (Cobb and 


Moss, J. Franklin Institute) 

rate at which contrast sensitivity and visual 

acuity in the absence of glare increase with luminosity of background is not appreciably 
diminished with the very high luminosities (cf. Figs. 8 and 20). In other words, there 
is no optimum luminosity. The question arises then as to what the general illumination 
should be for adequate vision. Although this question cannot be answered specifically 
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Fia. 22. Relative Visual Proficiency for Contrast Sensitivity, the Minimum Visible, and Visual Acuity, 
as a Function of Brightness of Background (after Moon and Spencer, J. Optical Soc. Am.) 
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it is of value to know the relative degree of visual efficiency for -any given general 
illumination. A scheme for indicating this has been suggested by Moon and Spencer. In 
contrast sensitivity, the quantity YT, is defined as the ratio of the contrast sensitivity 
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(1/AI) for the given illumination (J) to the maximum contrast sensitivity that would be 
obtained with uniform fields and very high daylight luminosities. It represents the rela- 
tive proficiency of contrast discrimination at any given illumination. Similar ratios T, and 
7, are defined for the minimum visible and for visual acuity. In Fig. 22 the theoretical 
values of each of these three visual functions are shown as dependent upon the luminosity 
of the background. For outdoor lighting the relative visual proficiency would range 
between 70 and 95 per cent, and for interiors with artificial lighting it would probably be 
less than 80 per cent. 

PERCEPTION OF MOTION. The motion of objects in space is perceived as motion 
relative to the observer or as relative motion between the objects themselves. Under 
special circumstances the motion of objects seen with respect to each other and to the 
observer may be equivocal, for example, the apparent motion of the moon observed through 
moving clouds. In a field of large and small objects the larger objects are said to exhibit 
more stability and are less liable to apparent motion, while small objects exhibit apparent 
movement more readily and are said to be more mobile. Moreover, objects imaged on the 
peripheral parts of the retina appear less mobile than those falling on the fovea. 

Perception of motion rests upon a temporal reaction to stimuli falling successively on 
neighboring points of the retina, but its appreciation appears only partially related to 
resolving power. It is thought to be a visual sensation resulting from experience. For 
objects whose visual angle of movement is small, motion is inferred from the apparent 
positions after lapses of time, for example, a moving train seen at a great distance. The 
true perception of motion, however, is a specific sensation, with both lower and upper 
thresholds of discrimination. The impression of motion can also occur (within definitely 
prescribed limits) from successive stimuli arising from separated stationary sources. This 
is called apparent movement by psychologists. 

The threshold of the perception of true motion relates to the least angular displacement 
of an object that can be recognized in unit time. With comparison objects in the field of 
view the lower threshold is 1-2 minutes of are per second. Without comparison objects 
this value must increase 10 to 20 times. The least angular movement that can be detected 
between two fixed points is sometimes called the movement acuity; under ordinary cir- 
cumstances, this is found to be 10 to 20 seconds of arc, when stationary comparison 
objects are in the field of view. Without comparison objects this increases to more than 

1 minute of arc. When the range of 


a the movement (the distance between 
the beginning and end points) is fixed, 
£60 the shortest lapse of time in which 
s motion is seen has also been measured. 
$50 Under ordinary circumstances, for ex- 
2 ample, the threshold for a 10-degree 
= 40 range varies between 0.027 and 0.079 
2 sec. The upper limit for the discern- 
& ment of motion, when the sensation 
330 becomes a meaningless blur, is 1.4 to 
2 3.5 degrees per 1/199 sec. The move- 
220 ment acuity decreases with increase in 
ie illumination. 
g The threshold for the discrimination 
10 of movement is least at the fovea and 
, increases rapidly out toward the periph- 
0 ery of the retina, though it has been 
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: though j i 
Paripherslanciiberrn: ght that the increase is much less 


than the decrease of visual acuity to- 
Fic. 23. The Thresholds for Form Acuity and Motion ward the periphery. Figure 23 illus- 


Acuity for Same Test Objects. The motion acuity is * * 
given in terms of the minimum distance required for trates the data of Klein, which show, 
perception of motion. (Data of Klein, Arch. Psychol.) however, that the acuity and motion 


thresholds are essentially the same ex- 
cept at the fovea. It appears that the discrimination of motion is greatest at the fovea, 
but the appreciation of motion is most marked in the peripheral retina, to a degree be- 
yond the actual resolving power. The discrimination of movement in the periphery fis 
somewhat poorer above and below the fovea than to the right or left. There is a tendency 
to overestimate the extent of motion in the periphery, and, furthermore, the subjective 
direction of that motion is somewhat vague and uncertain. However, the sense of 
movement is highly developed. 
THE PHI-PHENOMENON. The impression or illusion of movement can occur in 
certain situations without there being actual physical movement. The most important of 
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the apparent movements is known in its purest form as the phi-phenomena, whereby 
apparent movement can occur, under certain conditions, when separated stationary points 
are illuminated successively. Usually the illusion of movement can be distinguished from 
real motion, however, and, as such, may be variously interpreted by different observers. 
Only in the neighborhood of an angular succession of 20 degrees per second are the two 
motions difficult to identify (de Silva). For the impression of motion there is a time rela- 
tionship between the duration of the first stimuli, the separation of stimuli, the interval 
between successive stimuli, and the brightness of background, the impression depending 
also to a great extent upon the attitude of the observer. Under ordinary conditions, with 
a dark background, it has been found that, for two point stimuli 1 em apart, the duration 
of each of which is 0.05 sec: (1) if the two stimuli are nearly instantaneous (0.03 sec) they 
will appear simultaneous; (2) if the time interval is greater than 0.2 sec the points will 
appear discrete and stationary; (3) for time intervals intermediate between these two 
there will be an apparent movement of the first point to the second, with an optimum at 
0.06 sec. Of two light pcints of different intensity the weaker tends to move toward the 
brighter. Other examples of apparent movement are in the cinema, in neon signs, and in 
stroboscopic instruments. 

THE PERCEPTION OF DEPTH. In the perception of depth one must distinguish 
between the perception of depth differences (how much one object appears in front of or 
behind another) and the absolute localization by which the actual distance of objects 
from the individual is estimated. Binocular vision, through the phenomenon of stereopsis, 
provides the most accurate means of relative depth discrimination. 

The absolute localization of objects in space results from a complex process that involves 
both monocular and binocular perception. It has been usual to state that the perception 
of depth by monocular vision is a conception of depth (distance) attained through expe- 
rience with certain relationships (clues) that will exist between parts of the retinal images 
of different objects in space. The more important of these visual clues are: (a) Overlay, 
by which the images of near objects overlap and tend to hide those of the more distant 
objects. (b) Perspective, which depends upon the fact that objects of equal size have 
smaller retinal images when at a distance than when near by. Linear perspective relates 
to the apparent convergence of parallel lines that recede in the distance (railroad tracks, 
etc.). Details within known objects are more readily seen when near than when distant. 
Thus, the size of retinal image related to known size provides the clue for estimation of 
distance. (c) Aerial perspective, through which the edges of objects at a distance are less 
clearly defined than those near by. Moreover, the more distant objects appear cooler 
(bluer) in color on account of atmospheric haze. Near objects appear brighter with more 
color saturation than those more distant. (d) Light and shadow, which give clues as to 
shapes and relative positions of objects. (e) Parallax, which results from head movements, 
for the relative alignment of more distant objects changes less than that for near objects 
with the same movement. This clue to depth perception is very strong, and the precision 
of depth estimation through it is nearly as great as that of stereoscopic depth perception 
(Tschermak). (f) Hetght, whereby objects seen above others are also judged more distant. 
(g) To a small extent accommodation and convergence, through a proprioceptive sense 
arising from the muscles of the eyes, may provide a clue for gross differences in depth. 

As is well known it is impossible to present a single bidimensional picture which will 
have all the characteristics of the actual three-dimensional scene being portrayed. This 
is especially true when the picture is being viewed binocularly. As the eyes move over a 
painting, no change in accommodation or convergence is demanded and obviously no dis- 
parity clues are present for stereoscopic space localization of the details in the picture as 
there would be in the actual scene. The perspective in a pictorial representation of any 
scene, whether a photograph or a painting (except in certain art styles), refers to a fixed 
station point and in order to appear correct must be viewed from that point. A contact- 
print photograph should, then, be viewed at that distance that approximates the focal 
length of the camera that took the photograph. Viewed at other distances the perspective 
is exaggerated and unnatural. The viewing distance of an enlarged photograph will be 
equal to the product of the focal length of the camera and the magnification of the en- 
largement. This larger viewing distance explains the more pleasing effect derived from 
looking at enlarged photographs. It is desirable that pictures be viewed in such a way 
that the observer feels himself a part of the scene. The screen or plane of the picture 
itself should seem detached from the surroundings and preferably should appear indef- 
initely localized. To accomplish this is not always easy; usually it can be only approx- 
imated, especially for pictures viewed near by with binocular vision. It must be pointed 
out, however, that with the proper attitude on the part of the observer, and in the absence 
of distracting peripheral detail, the several psychological constancy phenomena tend to 
correct small distortions of form, of size, and of the color-brightness relationships. 
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13. BINOCULAR VISION 


Binocular vision is the coordinated use of the two eyes, in which a single perception of 
external space is obtained, and by which the specific sensation of stereoscopic depth per- 


Cae 
Left Eye 


Field 


Fie. 24. The Binocular Visual Field (after Southall, 
Introduction to Physiological Optics) 


ception is made possible. The final 
perceptual images from the two eyes 
are normally said to fuse in the brain, 
and through the strength of the fusion 
impulse all movements of the eyes 
become coordinated in the process of 
fixating different points in space. 

One differentiates between the bin- 
ocular visual field, which will cor- 
respond to that portion of visual space 
for which the images of the two eyes 
will overlap, and the binocular field of 
fixation which is the maximum field 
swept over by the movements of the 
two eyes. Figures 24 and 25 illustrate 
the approximate angular dimensions 
of these fields. 

The luminosity of objects is some- 
what increased by the use of two eyes 
over that of only one, depending upon 
experimental conditions. Also the 
visual acuity of two eyes is usually 
found to be higher than that of one eye. 

FUSIONAL AREAS. When the 
eyes are fixated upon one point in 


space, not all other points in space are perceived single. In fact, only those points will be 
seen single that are situated within a certain three-dimensional region determined by the 


distance of the fixation point and by 
the equivalent anatomical extent of 
certain areas on the retinas (Panum’s 
fusional areas). See. Fig. 25. Points 
in space outside these areas would 
ordinarily be seen double (physiologi- 
eal diplopia); however, unless atten- 
tion is called to them, one is usually 
suppressed. The functional extent of 
Panum’s area varies to some extent 
with visual conditions, and its meas- 
urement of size decreases somewhat 
with practice. The size increases 
away from the foveas toward the pe- 
riphery. Near the fovea its minimum 
extent is about 6 to 12 minutes of arc 
in the horizontal meridian and about 6 
minutes of arc in the vertical meridian. 
All objects beyond a fixation point at 
about 50 ft from the observer will gen- 
erally be seen single. Double images 
exert compulsion innervations for the 
eyes to move so as to overcome the 
doubling. In the horizontal meridian, 
the actual eye movements, however, 
are usually subject to the will. 
STEREOSCOPIC VISION. Stere- 
oscopic vision rests upon the fact that 
each of the two eyes, by virtue of 
their separation,* sees objects in the 
visual field from a slightly different 
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Fie. 25. The Spatial Region of Single Binocular Vision 
and the Geometrical Relations for the Disparity of Reti- 


nal Images in the Two Eyes 


* The variation of the interpupillary distance, 
with a median at about 63 mm (measured while 


in the general population, is between 55 and 75 mm, 


the eyes are looking at a distant object). 
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point of view, and hence the two retinal image patterns are slightly dissimilar. See 
Fig. 26. The angular separation of the retinal images, arising from two points in 
space, will be different in the two eyes, if one of the points is farther away from the ob- 
server. This difference in angular separation defines a disparity between the images. A 
disparity must always relate to two points in space. Referring again to Fig. 25, the double 
images from points at A and beyond are said to be wncrossed disparate with respect to the 
images of F, for if the right eye is suddenly closed the right half-image vanishes. Similarly 
the images of points at B and nearer are said to be crossed disparate with respect to the 
images of F, for if the right eye is suddenly closed the left half-image vanishes. Between 
the points A and B there will be some position for which the images from the two eyes 
will not be disparate, either crossed or uncrossed with respect to the image of F. This 
criterion defines the position of points on the horopter surface. Stereoscopic depth per- 
ception arises by virtue of the disparity between retinal images, uncrossed disparity being 
associated with the sense of distance away from the fixated point. Objects seen in crossed 
disparity are seen nearer than that point. Stereopsis is a specific sensation resting upon 


Pyramid In Space 


R.E. 


Fic. 26. Illustration of the Difference in the Image Patterns of the Two Eyes in Binocular Space 
Perception 


the physiological and anatomical organization of the retinal elements of the two eyes. It 
usually occurs immediately for almost instantaneous illumination, and it exists within 
the entire binocular visual field. 

The angular disparity between the images of two separated objects in depth in space 
will increase with the separation of the eyes and will decrease with their distance from 
the eyes. Though a sensation of greater depth will be associated with greater disparities 
of the images, the effect is not rigidly geometrical. For a given angular disparity, the 
apparent depth interval, to be quantitative, must vary with the square of the vis- 
ual distance. 

The visual acuity of the poorer eye must ultimately limit the threshold of stereoscopic 
vision. Likewise, the threshold of stereoscopic vision will depend upon those factors 
influencing visual acuity and, like visual acuity, will vary with the duration of the stimuli. 
For central vision and for durations longer than 3 sec, maximum acuity is obtained; for 
shorter durations down to 0.2 sec there is a 4 to 5 fold increase in threshold, after which 
the instantaneous threshold is nearly constant (Langlands). 

Although varying with interpupillary distance and with individuals as well as with the 
nature of the detail in the visual field, the limiting threshold for stereopsis frequently is 
taken, on the average, as 30 seconds of are. There is, correspondingly, a visual distance 
beyond which objects at greater distances cannot be seen stereoscopically. This limiting 
distance will roughly be 450 meters, or about a quarter of a mile. Under certain condi- 
tions, when the threshold of stereopsis may be as low as 6 seconds of are, this distance will 
be exceeded several times. For the peripheral regions of the retina, this limiting distance 
will be much reduced, owing to the lowered acuity. 

Two points separated vertically will have images in the two eyes which are vertically 
disparate if those points are located to the right or left of the plane perpendicular to the 
interpupillary base line. Vertical disparities do not give rise to the perception of depth, 
as do horizontal disparities, but they undoubtedly aid in the spatial localization of objects. 
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Since the invention of the stereoscope by Wheatstone in 1838, and the discovery of the 
bases for stereoscopic vision, various instruments have been devised whereby stereoscopic 
views could be obtained with pictures. In general, the procedure consists in presenting 
slightly different pictures or drawings before the two eyes which would correspond to the 
views that each of the eyes would perceive if they had been present when the photograph 
was taken. The devices include the mirror- and prism-stereoscopes, the haploscope, the 
red and green and polaroid anaglyphs, grid devices, and even motion pictures where the 
left- and right-eye views are projected alternately. The problem of projecting pictures 
for stereoscopic vision, so as to preserve correct disparity relationships and the correct 
perspective features, is a difficult one, especially for a group of observers (Rule). 

RIVALRY. If the fields presented to the two eyes are greatly different, for example 
in radically different colors or in detail, instead of fusion or even a simultaneous percep- 
tion of both patterns taking place, retinal rivalry occurs. In this, either one field or the 
other is seen, usually alternately. In the case of dissimilar patterns sometimes sections of 
each are seen simultaneously, but seldom both in the same region of the visual field. The 
period of alternation of the two visual fields varies between 2 and 12 sec, depending upon 
differences in luminosity, area, distinctness of detail within the fields, and central or 
peripheral vision. One field may prevail over the other for longer periods if there is a 
great difference in luminosity, or if intelligible detail exists on one and not the other, etc. 
Ocular dominance may also be a factor in the field that prevails the longer. Only in the 
case of certain color differences can fusion and therefore the emergence of a mixed color 
arise. 
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ELECTRON OPTICS 


By D. W. Epstein 


GENERAL CONCEPTS. Electron optics has become a branch of applied physics. 
The term “electron optics’’ was chosen because of the similarity between the path of an 
electron, or any charged particle, moving through electrostatic and magnetostatic fields 
and that of a ray of light passing through refracting media. Because of this similarity, 
such concepts of optics as lens and focal length may be transferred to electrostatic and 
magnetostatic fields. 

The subject of optics is generally divided into: (1) geometrical optics, which treats only 
of the geometrical relations of the propagation of light; and (2) physical optics, which, 
utilizing the wave theory of light, is capable of dealing with any problem in light. A simi- 
lar division is made in electron optics. This chapter will concern itself exclusively with 
non-relativistic geometrical electron optics of static fields; that is, relativity, wave mechan- 
ics, and electron optics of high- 


frequency phenomena will be 
excluded. mw ES 
ok P 
SS 


The analogy between electron 
optics and light is indicated in 
Figs. 1 and 2. Figure 1 shows 
the trajectory of a ray of light 
refracted and reflected at a 
spherical interface separating 
two regions of different indices 
of refraction. The analogous 
electron optical case is shown in 
Fig. 2. Assume that by some Spt pit Re pee 
means (such as two closely 


; N 
spaced meshes at different elec- Se ae 
trostatic potentials) a space in 1 Ny a 
vacuum is divided into two m= WED 


ions by a sphericocylindrical : 
eles oa mites in Fig. 2, the Fie. 1. Trajectory of a Ray of Light Refracted and Reflected at 
SUIS, ieee a Spherical Interface Separating Two Regions of Different 
region to the left of the spherical TndiccsiGMotn ction! 


surface being at the electrostatic A ; 
potential V; and the region to the right of the spherical surface being at the electrostatic 
potential V2. An electron emitted with zero initial velocity by a cathode (located to the 
left of the V1 region) at zero potential will move in the V; region at a constant velocity 21 
given by 


v1 = V2 be Vi = 5.95 X 105 V Vi meters per sec (1) 
m 


where e = 1.59 X 107!% coulomb is the charge of the electron and m = 9.04 X 107*' kg is 
its mass. As long as the electron stays in the region of constant potential Vi there is no 
electrostatic force acting on it and it will move in a straight line, say OP in Fig. 2; this 
corresponds to the law of rectilinear propagation in light optics. 
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When the electron crosses the spherical surface at P its velocity is changed to v2 cor- 
responding to Vz, i.e., to v2 = 5.95 X 10° / V2 meters per second. The force being normal 
to the surface, only the component of velocity vr normal to the surface will change; the 
tangential component of velocity vr will be the same on both sides of the surface. It thus 


follows (see Fig. 2) that 
op = 2, sind = »sinT (2) 


where 7 and r are the angles of incidence and refraction, respectively. Equation (2) may 


also be written 
VVi sin’? = VV. sin r 
or > (3) 
sint _ v VV2 No 


sin) 21. | Va 


so if Ny and N» are identified as the indices of refraction of the left region and right region 
respectively and WN as the relative index of refraction then eq. (3) becomes the well-known 
Se law of refraction. The focusing 
properties of a spherical refract- 
ing surface then follow as indi- 
cated in Fig. 2. 

If V2 < Vi, then e(V2 — Vi) 
is negative, and if in absolute 
magnitude it is greater than 
1/2 m (v1 cos %)?—the part of 
kinetic energy of the electron 
corresponding to the normal 
component of its velocity—then 
the electron will be shot back 


from the surface with its nor- 
V=V2mVi v= 22 Ve mal velocity component re- 
V=V} sind =V} sinr rors: as Sak of pre i 
‘ ected electron will make wit 

VVi sin d= VV2 sin the normal to the surface the 
VV2_ Wi Vva-VVi VV V2 same angle 7 which its path 
qd D R feats made on incidence (see Fig. 2). 
Fy Va Thus the law of reflection also 

ae WERT holds in electron optics. 
The different rays of a beam 
pres 2 oa of light do not affect one an- 
moe other. The various electrons 
Peay A in an electron beam repel one 
Jv.-V4| >4 m (v} cos 4) another; this, of course, is the 
Fic. 2, Electron Optical Analogy of Fig. 1 well-known effect of space 


charge. However, for low elec- 

tron beam intensities the effect of space charge is negligible, and it will be so assumed in 
what follows. 

It is generally customary to deduce the laws of geometrical optics especially for non- 
homogeneous media from Fermat’s principle of shortest optical path. 

This principle states that the path of a ray of light from a point A to a point B is always 
such as to make the integral an extremum (usually a minimum) with respect to all neigh- 
boring paths for rays of the same frequency. The principle is usually stated as 


B 
bf Nas=0 (4) 


where N, the index of refraction, may be a function of direction as well as position and ds 
is an element of path length. 
In particle dynamics there is the similar principle of least action stating that 


B 
sf pas=0 (5) 


where p is the momentum of the particle. A comparison of eqs. (4) and (5) shows that 
an electron in an electrostatic and magnetostatic field will follow the same trajectory as 
light would if the index of refraction at every point were made proportional to the momen- 
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tum of the electron at the point. The momentum of an electron moving in an electrostatic 
and magnetostatic field is 

p = mv — eA cos@ 
where @ is the angle between the direction of motion of the electron and the direction of 
magnetic vector potential A. The index of refraction for an electron moving in a com- 
bined electrostatic and magnetostatic field is 


N= k[ o£ 4.059 | (6) 


Equation (6) shows that owing to the magnetostatic field N is a function not only of the 
position of the electron but also of its direction of motion so that combined electrostatic 
and magnetostatic fields behave like non-homogeneous anisotropic media. 

It was noted in Fig. 2 that the index of refraction for an electron at a point in an electro- 
static field is proportional to its speed at the point, i.e., N = kv, but it must not be assumed 
that the index of refraction in a magnetostatic field is ke/mA cos 6 but rather 


k E _ ot! cos 0| (7) 


~ where vo is the constant speed with which the electron moves through the magnetic field. 


14. ELECTROSTATIC LENSES 


The electrostatic lens of Fig. 2 is an example of a relatively impractical case. Practical 
electrostatic lenses are generally formed by the application of electrostatic potentials to 
axial symmetric electrodes. Figure 3 shows a cross-section through the axis of such an 
electron focusing system. The double lines represent cylindrical, hollow conductors at 
the potentials Vi and V2; the single 
lines represent the equipotential 2 gee ee 
surfaces in the space (vacuum) be- By AS 
tween the electrodes. From eq. (3) 
it follows that each equipotential 
surface represents a surface of con- — 
stant index of refraction. Here are t 
shown only a few of the equipoten- ¢ 
tial surfaces; actually, of course, + 
there is an infinite series of equi- 
potential surfaces having a com- es 
mon axis. This electron focusing yg. 3, Equipotential Line Plot in Charge-free Space Due to 
system may, therefore, be con- Potentials Applied to Coaxial Cylindrical Electrodes 
sidered as a very large number of 
coaxial refracting surfaces. Most optical systems for light consist of a series of spherical 
refracting surfaces having a common axis of symmetry called the optic axis. For light, 
the optical systems are usually such that the index of refraction changes abruptly as light 
passes from one medium to the other. In electron optics, the index of refraction is a con- 
tinuous function of position. Optically speaking, this means that an electrostatic field 
constitutes an isotropic non-homogeneous medium for electrons, corresponding to a me- 
dium of continuously variable density for light rays. 

The potential distribution V(r, z)—the potential at a radial distance r from the axis 
and an axial distance z from the origin—in charge-free space due to potentials applied to 
axial symmetric electrodes is given in cylindrical coordinates by the Laplace equation 

2 2 
V(r, 2) ie 1 0V(r, 2) ab V(r, 2) =0 
dr? r or 02 

subject to the boundary conditions that V(r, z) at the electrodes assumes the values of 
the potentials applied to the electrodes. Except for some special cases it has not been 
possible to obtain mathematical solutions subject to the actually existing boundary condi- 
tions. The solutions are generally obtained experimentally by means of an electrolytic 
tank. The potential distribution of Fig. 3 was thus determined. 

The equations of motion of an electron moving in a meridian plane, i.e., a plane contain- 
ing the axis, are 


V2=4600 


dy=2.3d, 


Pz _ avr, 2) 
‘ae dt? sas (8) 
Pr OV(r, 2) 


dt? ear 


14-52 OPTICS 


The trajectory of a meridional electron traversing an axially symmetric electrostatic field 


V(r, z) and with a velocity » = V2(e/m) V(r, z), namely, an electron emitted with zero 
velocity from a cathode at zero potential, is given by the differential equation 


z) [+ (z) | 
@r [1 + (¢) | aV(r, 2) dr _ dz) \av(r,2) _ 


FB 2V(r, 2) dz dz 2V(r, 2) or 


0 (9) 


The distribution of potential in space is uniquely determined if the distribution along 
the axis together with its even derivatives are known. Thus 


r4 
— V!IV(0, z) + «=: (10) 


2 
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where V(0, z) is the distribution of potential along the axis, V’(0, z) is the second deriva- 
tive of axial potential with respect to z, V!Y(0, z) is the fourth derivative, etc. 

It may be shown by using eq. (10) that the equipotential surfaces in the neighborhood 
of the axis are hyperboloids with a radius of curvature of 
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This shows that, in electron optics, index of refraction and curvature cannot be varied 
independently as they can in light optics. Consequently, the correction of some lens 
aberrations is extremely difficult if not impossible in electron optics. 

An optical system is usually described in terms of paraxial or first-order imagery. Actual 
imagery departs from paraxial imagery. Such departures are described as aberrations. 

The focusing action of an electrostatic field is similarly described to a first approxima- 
tion by considering only paraxial electrons. Paraxial electrons are characterized by the 
fact that in calculating their paths it is assumed that their distances from the axis, 7, and 
their inclination toward the axis, dr/dz, are so small that the second and higher powers of 
r and dr/dz are negligible. 

The differential equation for the trajectory traversed by a paraxial electron becomes 
from eq. (9) 


(11) 


Gr V’ adr Wwe 
az 2V dz 4V 


Vv Ee (vv Z) + : V"r = 0 (13) 


where V, V’, and V” are the axial distribution of potential V(0, z) and its first two deriva- 
tives with respect to z respectively. Equation (12) or its equivalent eq. (13) may be taken 
as the fundamental equation of paraxial electron optics of axially symmetric electrostatic 
fields. 


The general solution of the second-order differential equation (12) or (13) may be written 
r(z) = eiri(z) + cere(z) (14) 


where 7;(z) and ro(z) are any two linearly independent solutions and c; and c are arbitrary 
constants. Equation (14) states that the trajectory of any paraxial electron is simply the 
linear combination of two independent trajectories. Hence the complete paraxial focus- 
ing action of an axially symmetric electrostatic field is determined by calculating the 
trajectories of only two electrons. The trajectories of two electrons entering the lens 
parallel to the axis from the object and image sides are chosen as the two solutions 71(z) 
and r2(z) and are called the two fundamental trajectories. These trajectories determine the 
location of the cardinal points of the focusing system, i.e., the location of the focal and 
principal points, and thus the focusing action of the lens. 

Referring to Fig. 4 let S; and S2 be two equipotential surfaces such that the space to 
the left of S; is equipotential and is at potential Vi and the space to the right of S2 is equi- 
potential and at the potential V2. The potential in the region between S; and S2 varies 
continuously, as shown in Fig. 3. Then the paraxial electron moving parallel to the axis in 
the equipotential space to the left of S; will follow the trajectory ri(z) and after passing 
through the focusing system will move in a direction inclined at an angle to the axis and 
will pass through the axial point F2. All paraxial electrons moving parallel to the axis in 
the Vi or object space will pass through F2. The point F» is the second focal point. The 


plane passing through the second focal point and perpendicular to the axis of symmetry is 
the second focal plane. 


i = (0) (12) 


or 
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The plane perpendicular to the axis and passing through the point of intersection of the 
original and final directions of motion of the electron is the second principal plane. The 
point of intersection H» between the second principal plane and the axis is the second prin- 
cipal point. The distance H2F»2 denoted by f2 is the second focal length. 

Similarly, a paraxial electron moving parallel to the axis in the V2 or image space will 
after passing through the focusing system move in a direction inclined to the axis and will 


Second Focal 
Vo Plane 


Image Space 


Object Space 


First Focal Point oe 


First Focal Plane (oe DN aaa hal Maa aaa 
F. First Principal Plane 
Fig. 4. Fundamental Trajectories and Cardinal Points of an Electrostatic Lens 


pass through the point F; in the object space. / is the first focal point. F1 may also be 
considered that axial point in the object space from which all electrons, after passing 
through the focusing system, are parallel to the axis in the image space. 

The plane perpendicular to the axis of symmetry and passing through the first focal 
point is the first focal plane. The plane perpendicular to the axis and passing through the 
point of intersection of the original and final directions of motion of the electron is the 
first principal plane. The point of intersection, Hi, of the first principal plane and the 
axis is the first principal point. 

It is to be noted that in Fig. 4 the principal planes are crossed. This is a characteristic 
of lenses having indices of refraction different on the two sides. 

In Fig. 5 let AiB, be an object (say, an aperture through which electrons are passing) 
located in the equipotential region V;. Then a paraxial electron coming from A, and 
moving parallel to the optic axis will after passing through the lens go in the direction 
F2A2. A paraxial electron issuing from A in the direction A,F; will after passing through 
the lens move parallel to the optic axis and will intersect the trajectory of the other electron 
at Ao. Similarly the trajectories of all paraxial electrons coming from A, will intersect at 
Ag, the image of A;. The same is true of every point on A,B, and so the inverted image 


Fic. 5. Image Formation in a Direct Bipotential Electrostatic Lens 


A2B, is obtained. The ratio A2B2/A1B, or h2/h; gives the magnification. The electron 
image of A,B, becomes visible if a fluorescent screen is placed in the plane of A2Bo. 
From eq. (12) or (13) and Fig. 5 it may be shown that the following relations hold: 
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The complete paraxial focusing action of an electrostatic lens is determined by means of 
the above relations when the positions of the cardinal points or fi, fo, F1, and F'2 are known. 

Electrostatic lenses are classified according to (a) electrode symmetry, (6) thickness, 
and (c) the potentials on the sides of the lens. 

Spherical lenses are formed by applying different voltages to two or more electrodes 
having axial symmetry such as apertures and cylindrical and conical tubes. Spherical 
lenses are used in cathode-ray tubes, television pick-up tubes, and electron microscopes. 

Cylindrical lenses are formed by applying different voltages to two or more pairs of 
electrodes having a plane of symmetry such as pairs of wires or pairs of strips. Cylin- 
drical lenses are used in some receiving and transmitting tubes. 

Thick lenses are characterized by the fact that the axial extension of the electrostatic 
or refracting field is of the same order of magnitude as or even larger than the focal length. 
It is necessary to know the positions of all four cardinal points in order to determine the 
focusing action of a “‘thick lens.”’ 

Thin lenses are characterized by the fact that the axial extension of the refracting 
field is negligible compared with the focal length. In a thin lens the principal planes 
coincide, and the focusing action of the lens is determined by its location and focal lengths. 
For estimating purposes it is sufficiently accurate to consider most lenses ‘‘thin.”’ 

The focal lengths of a “‘thin’’ spherical lens may be calculated from the relations 
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where V, and V2 are the potentials of the equipotential regions on the two sides of the 
lens, V and V’ the axial distribution of potential and its first derivative with respect to z, 
and the integral is taken over the axial extension of the field. 

Equations (22) also apply to “thin” cylindrical lenses, if the numerical factor 3/1, is 
replaced by 1/9. 

Unipotential lenses are characterized by having identical equipotential regions on the 
object and image sides, Vi = V2, and hence fj = —fe. Figure 6 shows a few electrode 
arrangements and axial distributions of potential of unipotential lenses. Figures 7 and 8 * 
give the focal length of several thin unipotential lenses as a function of V-/Vo. The dotted 
curves of Fig. 8 give the focal length of a unipotential lens where the central aperture has 
been replaced by a fine metal screen or an electron-permeable conducting membrane. It 
should be noted that this lens is divergent, i.e., fz is negative, when V-/ Vo is less than unity. 
In the case of thin unipotential lenses eqs. (15) to (21) simplify to 


(22) 
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* Figures 7 and 8 were plotted from data calculated by Dr. E. G. Ramberg of RCA Laboratories. 
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Fia. 6. Electrode Arrangements and Axial Distribution of Potential of Some Unipotential Lenses 
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Fie. 7. Variation of the Focal Length (Measured as the Number of Diameters of the Central Aperture) 
with the Ratio of the Voltages Applied to the Central and Outer Electrodes 
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Fia. 8. Variation of the Focal Length (Measured as the Number of Diameters of the Outer Electrodes) 

with the Ratio of the Voltages Applied to the Central and Outer Electrodes. The solid curves apply to 

system (a) with a small central aperture. The dotted curves apply to system (b) with a central elec- 
trode consisting of a fine metal mesh or an electron-permeable conducting membrane. 


14-56 OPTICS 


Bipotential lenses are characterized by having different equipotential regions on the 
object and image sides, or Vi # V2. In the direct bipotential lens the potential of the image 
space is greater than that of the object space (V2 > Vi). In the inverted bipotential lens 
V2. < Vi. Figure 9 shows a few electrode arrangements and axial distributions of poten- 
tial of some bipotential lenses. Figures 10a to 10e give the focal lengths and positions of 
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[Fr1c. 9. Electrode Arrangements and Axial Distribution of Potential of Some Bipotential Lenses 


the focal points (thus giving the positions of the four cardinal points, see Fig. 5) as a func- 
tion of V2/V, for 5 different diameter ratios d2/d;. Figure 11 shows fi, fo, F1, and F2 as a 
function of d2/d, for V2/V; = 5. 

The focusing characteristics of a ‘‘thick’”’ bipotential lens are given by eqs. (15) to (21). 
Their use in conjunction with Fig. 10c will be illustrated by the following simple example 
(see Fig. 5 for sign convention). Given the lens with d2/d; = 1.5, V2/Vi = 5, then, from 
Fig. 10c, fi = —2.1d1, (Fi — fi) = —1.1di, fo = 4.7d1, and (Fe — fe) = —1.8d). It is 
desired to obtain a real image of an object with a magnification m = —5 (since a real 
image of an object is inverted). Then by eqs. (20) and (21) 


i -f) +h (~ = *) = —lld, — 2.1d, (+) = —3.6d1 , 
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Pp 


qa (Fo — fro) — fam — 1) = —1.8d; + 4.7d1(—5 — 1) = 26.4d; 
and thus the object is located at a distance of 3.6d: to the left of the cylinder ends and the 


image 26.4d; to the right of the cylinder ends. 
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Fra. 10. Variation of Focal Lengths, f, and Distance of Focal Points from End of Cylinder,'F (Measured 
as the Number of Diameters of the Cylinder on the Left), with the Ratio of the Voltages Applied to 
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In the case of a “thin” bipotential lens eqs. (18) to (21) simplify to 
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where a is the distance between the position of the equivalent thin lens and cylinder ends 
as indicated in Fig. 5. : 
Bipotential lenses are most generally used in cathode-ray tubes. 
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Cathode Lenses 


Cathode lenses are characterized by having a plane of zero potential (cathode) normal 
to the optic axis. The cardinal points of a cathode lens are of less significance than in case 
of the other lenses because of the distribution of initial velocities of the electrons emitted 
by the cathode. Figure 12 shows the electrode arrangement and approximate distribution 
of potential of one of the most commonly used cathode lenses. Figure 12 also shows the 
approximate trajectory of an electron emitted normal to the cathode for grid voltages of 
+0.2, 0, and —0.2 V. The grid is so named since it is also used for controlling the cur- 
rent going to the anode aperture. The cathode lens is the most widely used since it exists 
in all types of electronic devices. 

Electrostatic lenses suffer from the defects or aberrations known as spherical aberration, 
coma, astigmatism, curvature of field, distortion, and chromatic aberration. They also 
suffer from defects due to misalignment and malconstruction of electrodes, space charge, 
relativity effect, etc. 

Spherical aberration is in general the most troublesome, especially in instruments re- 
quiring a fine focused spot (or line) as in cathode-ray tubes, television pick-up tubes, and 
glectron microscopes. Figure 13 shows the increase in spot size caused by the spherical 
aberration of a bipotential lens. The increase in spot size is given as a function of the 
beam diameter at the end of the first cylinder measured in terms of the first-cylinder 
jliameter. Figure 14 shows the decrease in voltage ratio required to focus a beam of 
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diameter d/d;. In general the spherical aberration of the unipotential lens is greater than 
that of the bipotential lens and the equidiameter bipotential lens has less spherical aber- 
ration than a lens with (d2/di) > 1 or (dz/di) <1. In general the aberrations in electron 
lenses are much more severe than they are in 
light lenses (this also applies to magnetostatic 
lenses). This is primarily due to the connec- 
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Fig. 13. Increase in Spot Size Caused by the Fie. 14. Decrease in Focusing Voltage Ratio 

Spherical Aberration of a Bipotential Lens as Caused by the Spherical Aberration of a Bipo- 

a Function of the Beam Diameter at the End tential Lens as a Function of the Beam Diam- 
of the First Cylinder eter at the End of the First Cylinder 


15. MAGNETOSTATIC LENSES 


Any axially symmetric magnetostatic field acts as a ‘‘lens” for electrons. Such fields 
are generally created by passing direct current through coils with axial symmetry. 

As already noted, a magnetostatic field is an electron-refracting medium whose index 
of refraction is a function not only of position but also of the direction of travel of the 
electron. Consequently magnetostatic lenses differ in their behavior from electrostatic 
and ordinary light lenses. In general the differences are made evident by a rotation of 
the image and the irreversibility of object and image. Thus, a real image, produced by a 
magnetostatic lens, is not inverted (as it is in an electrostatic lens), but is rotated through 
an angle @ relative to the inverted image. Similarly, if the image is made the object, then 
its image will not coincide with the original object (as it would in an electrostatic lens) 
but will be rotated through an angle 26 relative to the original object. Magnetostatic focus- 
ing is generally accomplished by long or short lenses. The image rotation of a magnetosattic 
lens is, for a given focal length, reduced as the extent of the field along the axis is reduced. 
Thus the image rotation is practically zero for an extremely short lens and is 180° (image 
erect) for a very long lens. 

The long lens generally extends over the entire length of the electron beam and is formed 
by the uniform field of a long solenoid. It is used in such television pick-up tubes as the 
image dissector, orthicon, and image orthicon. The uniform field of the long lens produces 
a sequence of uniformly spaced, real, erect (rotation 180°) images with unity magnifica- 
tion of an object which is placed normal to the field and which emits electrons of uniform 
speeds. This follows from the fact that an electron injected into a uniform magnetostatic 
field, B, with a speed v, and a corresponding voltage V and at an angle a with the field, 
describes a helix, the radius of the helix being 


vsina — 3.88 X 10-*/V 


r= (/m)B = B sin a meters (23) 
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The time taken by the electron in describing 1 revolution is \ 


Qa 3.56 X 107-4 2.84 X 1075 
1h = = = ——— sec 
(e/m)B B H 
which depends exclusively on B or H and is independent of V or a. The pitch of the 
helix or the distance that the electron has traveled in time T is 
_ 2rveosa _ 21.1 X 10-8\V/V cos a 


iainB ag GOTT [hy ino 2k EO meters 4 


16.8V V 

= LO8VV cose sing (25) 
H 

If the angles a at which electrons from a point source are injected into the field are small, 

then their speeds along the lines of force, v cos a@, are essentially constant (cosa = 1) 

and all electrons will reunite at the following distances from the source 


_ 21.1 X 107%VV _ 16.8nVV 
es B = or 
where 7 is an integer. Since any line of force is an axis of symmetry in a uniform field, 


an extended electron-emitting (or “‘illuminated’’) source placed perpendicular to the field 
will be imaged at the distances s, of eq. (26) (see Fig. 15). 
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Fie. 15. Image Formation by a Uniform Magnetostatic Field 


The short magnetostatic lens extends over a limited region of the beam and is generally 
formed by the non-uniform field of an iron-encased coil with a narrow slit in the iron shell 
or pole pieces (Fig. 16). Short lenses are used in electron microscopes and television 
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Fre. 16. Short Iron-clad Magnetostatic Lens and Approximate Distribution of Axial Flux Density 


cathode-ray tubes. Except for some image rotation the short lens behaves like a thin 
unipotential electrostatic lens so that its focusing characteristics are given by eqs. (15’) 
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to (21’). The focal neh of a short lens is given by 
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where B is the axial component of the flux density along the axis of the lens, and V is the 
potential of the equipotential region in which the lens is located. 
The image rotation is given by 
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_ Integrating eqs. (27) and (28) for a wire loop of diameter d and carrying a current NI 
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To a fair approximation, eq. (29) also applies to a short coil of mean diameter d, of N turns, 
and carrying current J. Figure 17 is a plot of eq. (29) giving, graphically, the focal length 


1000 
2000 
4000 
6000 
8000 
10000 
20000 
40000 
60000 
80000 


100 


MS, 
vot 


48.6 V 
(NI)? 


als 


1 2 4 6 810 20 40 60 80100 200 400 600 1000 
NI 
Fig. 17. The Focal Length of a Short Coil as a Function of Ampere-turns and Beam Voltage 


as a function of voltage and ampere-turns. Figure 17 may be used, for estimating pur- 
poses, in the case of an iron-encased coil if the ampere-turns are small and if d is taken as 
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the clear diameter of the pole pieces. Since the iron-clad coil concentrates the field more 
than the air coil, the iron coil produces the smaller image rotation. 

Besides the usual 5 third-order aberrations of spherical aberration, coma, astigmatism, 
distortion, and curvature of field, the images produced by magnetostatic lenses usually 
suffer from three other aberrations. These are generally known as anisotropic distortion, 
anisotropic curvature of field, and anisotropic coma. Anisotropic distortion is often 
called the ‘‘S effect,” since this aberration distorts a straight radial line on the object into 


an elongated letter S on the image. 


16. ELECTRON PRISMS 


A uniform electrostatic field and a uniform magnetostatic field constitute the two basic 
types of electron prisms. Electron prisms are used for deviating (deflecting) beams of 
electrons of uniform speed as in cathode-ray tubes and pick-up tubes, and for dispersing a 
beam of charged particles so as to separate particles of differing mass or speed as in the 
ion trap of a cathode-ray tube and mass spectrograph. 

Electrostatic prisms are generally formed by the approximately uniform field between 
the charged plates of a condenser (see Fig. 18). 


vivoev_| 1% 


vd $$ $$ (L 
v= 42) 
Fig. 18. Deviation (Deflection) of an Electron Beam by an Electrostatic Prism (Deflecting Plates) 


A charged particle moving initially perpendicularly to a uniform electrostatic field, Z, 
with a velocity » (corresponding to a potential drop V), follows a parabolic trajectory while 
in the field. On leaving the field the charged particle is deviated into the direction of the 
field (see Fig. 18) through the angle a given by 
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where J is the extent of the field or approximately the length of the plates, d the distance 
between the plates, and Vd is the difference in potential between the plates. The apparent 
center of deflection is located approximately at 1/2 from the ends of the plates, and the 
amount of deflection at the distance L from the center of the plates is 


_WVa 


Moa (32) 


Magnetostatic prisms are generally formed by the approximately uniform field between 
two current-carrying coils or pole pieces of a magnet. 


Fie. 19. Deviation (Deflection) of an Electron Beam by a Magnetostatic Prism (Deflecting Coils} 
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A charged particle moving initially perpendicularly to a uniform magnetostatic field 
with the velocity v follows a circular trajectory in a plane at right angles to the field. On 
leaving the field the charged particle is deviated in a direction perpendicular to the field 
(see Fig. 19) through the angle @ given by 


sin @ = ——— (33) 


which becomes in the case of electrons 
1B 
sina = 2.97 X 105 — (34) 
VV 
The apparent center of deflection is located approximately at the center of the field, and 
the amount of deflection at the distance L from the center of the field is 
1LB 


h= Ltana = 2.97 X 105 ve (35) 


17. GENERAL THEOREMS ON ELECTRON OPTICAL SYSTEMS 


Electron optical systems generally consist of a cathode lens and one or more electrostatic 
and/or magnetostatic lenses and electron prisms (deflecting plates or coils). 

The following general theorem applies to an electron optical system using electrostatic 
and magnetostatic elements. The trajectory of a charged particle remains similar, as long 
as the quantity (e/m)(B?L?/V) is kept unchanged. Thus, if the voltages on all the elec- 


trodes are increased by a constant factor n, it is necessary to increase B by the factor Vn 
in order to keep the trajectory the same. [If all the linear dimensions (ZL) of the system, 
i.e., of all the electrodes, coils, object distance, image distance, etc., are increased by the 
factor n, it is necessary either to increase all the voltages by n? or to decrease B to 1/n 
in order to keep the trajectory similar. 

The following theorems apply to any purely electrostatic electron optical system: 

1. The trajectory is independent of e/m. Hence all like charged particles emitted by a 
cathode will be identically focused and deflected by any electrostatic optical system. 

2. The trajectory of any charged particle emitted by a cathode is unchanged if the 
voltages on all the electrodes are increased by the same factor. 

3. If all the linear dimensions of all the electrodes are increased by a constant factor n, 
the trajectory remains unchanged (if measured in units n times larger). 

All electron lenses which are free of space charge and conductors within the field of the 
lens and are bounded by uniform potential regions on both sides are always convergent, 
i.e., will form a real image of an object located beyond the focal point of the lens. 

The maximum current density, J2, obtainable in an electron spot or image, regardless 
of the electron optical system employed, is given by 
we kT eae aT ne 
where J} is the specific emission of the cathode, &T is the initial kinetic energy of an elec- 
tron emitted by a thermionic cathode at the absolute temperature 7, k = 1.38 X 10 “erg 
per degree, eV2 + kT is the final kinetic energy, and a, is the angle of maximum converg- 
ence of the electron trajectory at the spot or image. 

Equation (36) may be deduced from the fact that, for a perfect optical system which 
accepts and focuses all the electron current emitted by a thermionic cathode, Jz = Ji/m? 


01 sin aes 
(m = magnification), and m = sae (see eq. [41], p. 14-08), where % and 2 are the ini- 
2 2 


tial and final velocities of an electron and ai(= 90°) is the angle of maximum convergence 
at the cathode. 


J2 = Ji V2 sin? a2 (36) 
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ELECTRO-OPTICAL DEVICES 


PHOTORESPONSIVE DEVICES 


By Herbert E. Ives 


i. RADIATION, PROPERTIES, AND MEANS OF DETECTION 


Photoelectric tubes, or cells, belong to the general class of instruments responsive to 
radiant energy, or radiation. An intelligent use of such instruments demands a knowledge 
of the more important characteristics of radiation, which may be summarized as follows: 
Radiant energy consists of electromagnetic waves, of a vast range of wavelengths, extend- 
ing from radio waves, many meters long, to x-rays and y-rays less than a millionth of a 
millimeter in length (see Section 11, article 5). The portion of this extended spectrum 
which is effective in photoelectric tubes and similar devices is confined to a small region 
centering around that group of wavelengths commonly called light, or the visible spectrum, 
which extends roughly from 0.8 micron (1 micron = 1074 cm) to 0.4 micron. (Other units 
of measurement frequently encountered are the angstrom unit, 10~* cm, and the millimi- 
cron, 1077 em.) The adjacent region of longer wavelength is called the infrared; that of 
shorter wavelength, the ultraviolet. The radiations in the visible spectrum vary greatly in 
their ability to produce the sensation of light, the relationship between energy value, or 
radiant intensity, and luminous value being indicated by the luminosity curve of the spec- 
trum which has a maximum at approximately 0.5 micron, dropping to zero at the ends of 
the visible spectrum. Radiant energy is measured in energy units, namely, ergs or joules; 
and radiation or radiant flux is measured in ergs per second or watts: The irradiation of a 
surface, such as that of a phototube, is measured in ergs per second incident per unit area, 
or watts per unit area. Luminous flux is radiant flux evaluated according to its luminosity 
(the integral of the product of the radiation spectrum and the luminosity curve of the 
spectrum). Its unit is the lumen. One lumen is radiated in unit solid angle by a point 
source of luminous intensity of 1 candle. The zllwmination of a surface is measured in 
lumens incident per unit area. The meter-candle or lux is an illumination of 1 lumen per 
square meter. 

All instruments which respond to radiation do so because they absorb some of the energy 
of the radiation and transform it into some form susceptible of practical measurement or 
utilization. Thermal instruments become heated by the incident energy, and indicate 
by changes of dimensions, position, or the production of electrical currents. Photoelectric 
instruments depend primarily upon the fact that the incidence of radiation on matter 
causes the emission or release of electrons, setting up electromotive forces or causing 
electrical currents to flow. 

CLASSIFICATION OF PHOTORESPONSIVE DEVICES. It is convenient to divide 
photoresponsive devices into two broad groups, namely, thermal devices and photoelectric 
devices. In the group of thermal devices are included thermojunctions, bolometers, and 
radiometers. In the group of photoelectric devices are included photoemissive cells, photo- 
conductive cells, barrier photocells, and photovoltaic cells. 

The thermal instruments in general respond to a wide region of the spectrum, correspond- 
ing to the thermal absorbing power of the materials of which they are constructed or with 
which they are coated. Since they are frequently coated with a “‘black” of high and sub- 
stantially uniform absorbing power through the infrared, visible, and ultraviolet portion 
of the spectrum they are often termed “‘non-selective.’’ They are generally less sensitive 
than the photoelectric instruments in the spectral region to which the latter respond; they 
are much slower in response and, being usually of relatively low resistance, are not easily 
adapted to methods of electrical amplification. 

The photoelectric instruments are in general sensitive to relatively narrow regions of the 
spectrum (are strongly selective), but they are far more sensitive in these regions than the 
thermal instruments. They have also the great practical advantage that they are readily 
adaptable to the various modern methods of electrical amplification. 
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2. THERMAL DEVICES 


THERMOJUNCTIONS. When two different metals are joined and the junction is 
maintained at a temperature different from the rest of the circuit, a potential is generated 
whose magnitude is dependent on the temperature difference and on the materials of the 
junction. When this difference is very small the potential will be proportional to the 
temperature. Bismuth and antimony and some of their alloys give large potentials com- 
pared with most other metals, and many thermopiles have been made of them. Good, 
durable combinations of high sensitivity commonly used at present 
are bismuth against silver, bismuth-tin against bismuth-antimony IO 
alloys, and Constantin against Manganin. b a b S 

Other requirements beyond high thermoelectric power are a low 
internal resistance and heat capacity and low thermal conductivity 
between the hot and cold junctions, and in practice a compromise 
has to be made between these factors. Thermoelements are used 
in three principal forms: the single junction, the multiple-junction 
thermopile, and the radiomicrometer, the last being a galvanometer 
with a thermojunction built directly into, and forming a part of, the 
moving coil. Multiple junctions are preferable where the illumina- 
tion extends over some area; for example, where spectral lines are 
to be measured a linear arrangement of couples is often used, a dia- 
gram of which is shown in Fig. 1. The warm junctions, a, which 
receive the radiation to be measured, are commonly flattened or 
covered with small, thin disks or squares of metal to present a large 
receiving area. These disks are usually blackened, for instance, with 
a layer of lampblack, in order to make them uniformly absorptive 
to a long range of wavelengths. The connection to the cold junc- 
tions, b and b’, must conduct as little heat as possible and at the ‘a 
same time not have too high an electrical resistance. In order to ° 
secure the maximum stability it is desirable to shield these cold ; 
junctions thoroughly from scattered radiation and to maintain their Fie. 1. eo Ther- 
temperature substantially equal to that of the walls of the sur- 
rounding enclosure. This is accomplished by attaching fins of relatively large area to 
the cold junctions. 

The galvanometer should have a resistance not far from that of the thermopile, usually 
from 10 to 50 ohms. There is no advantage in increasing the number of junctions beyond a 
certain point, and in fact with a given flux the overall sensitivity may be the largest with a 
few junctions of small heat capacity especially if they are enclosed in a vacuum which 
eliminates the loss of heat by conduction and convection to the atmosphere and reduces 
the disturbing effect of drafts. The sensitivity of thermopiles is expressed in volts per 
unit of irradiation, in some cases, in terms of the response from a stated source at a given 

distance, commonly a 


Table 1. Sensitivity of Thermopiles Hefner candle at 1 meter. 
Values for some of the 
ie Volts per Erg standard thermopiles are 
Renstanne per Second per given in Table 1. 
Square Centimeter For the sensitivity in 
E watts per square centime- 
pe oll Sinear : ter multiply the above fig- 


Hilger linear 
Moll large surface ures by 10’, and for gram 


Moll sensitive vacuum couple. . . calories per second per 
Moll quick vacuum couple k square centimeter multi- 
Coblentz vacuum couple é h ply by 4.186 <X 107. One 
Hefner standard lamp 
with 14 by 50 mm diaphragm opening gives, at 1 meter, 9.6 X 1075 watt per sq cm or 
9.6 X 10* ergs per sec per sq cm. 

If a thermopile is to be used with weak radiation, as it frequently is, it is very important 
that the thermopile and the galvanometer be adapted to each other in order to secure a 
high sensitivity of the system, i.e., the ratio of the scale reading to the flux. Besides high 
voltage sensitivity of the pile previously mentioned, other requirements are that the 
galvanometer should have a low internal resistance, high voltage sensitivity, and a critical 
damping resistance equal to that of the pile inclusive of the leads. Such galvanometers 
are made by the Leeds and Northrup Company, Philadelphia, and Kipp and Zonen, 


Holland. 
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The sensitivity of the system can sometimes be greatly increased by concentrating the 
radiation on the junctions and also by using one of the numerous optical devices for 
amplifying the galvanometer deflections. These are arrangements whereby a light beam 
reflected from the galvanometer mirror actuates a photocell, the output of which in turn 
produces an increase in the deflection or operates a second galvanometer. In the Moll 
thermorelay made by Kipp and Zonen, or the similar Zernike differential couple, the re- 
flected light beam determines the relative temperatures of two opposing thermojunctions, 
the net output of which controls a second galvanometer. In this manner the readings can 
be increased up to the inherent instability of a galvanometer, but care must be taken to 
preserve the linearity of the entire system. 

BOLOMETER. The bolometer is essentially a sensitive resistance thermometer of very 
small heat capacity; that is, the electrical resistance of a fine wire or strip of metal is 
increased by the heating due to the radiation. It was used extensively before the develop- 
ment of the modern high-sensitivity, quick-acting thermopile, which is more convenient 
and stable under ordinary conditions. In its practical form two bolometer elements form 
two arms of a Wheatstone bridge, which the radiation unbalances. It is essential that a 
material such as platinum be used which has a high temperature coefficient of resistance 
as well as a low heat capacity and conductivity. Unless unusual precautions are taken 
the entire bridge network is subject to temperature fluctuations which render the readings 
uncertain. The sensitivity of bolometers is about one-millionth of a degree per millimeter 
deflection of a galvanometer used without intermediate amplification. For example, a 
bolometer of 2.8 ohms resistance and using 40 mils current gave a deflection of 45 cm 
when exposed to 1 candle at 1 meter with a galvanometer sensitivity of 1.5 X 107° amp 
per mm, the scale being at 1 meter. 

THERMISTOR BOLOMETER. A more recently developed form of bolometer is one 
made of thermistor materials, that is, semiconductors whose resistance varies rapidly 
with temperature. Combinations of oxides of nickel, manganese, and cobalt change their 
resistance about 4 per cent per degree centigrade, or about ten times as much as platinum. 
The oxides are prepared in the form of thin flakes cemented to glass or quartz. A typical 
flake 3 mm long, 0.2 mm wide, and 0.01 mm thick has a resistance of 4 X 10° ohms and 
with 250 volts applied gives a sensitivity of 300 volts per incident watt or 18 volts per 
watt persqem. The spectral response is determined by the optical properties of the oxide 
constituents, which may show regions of relative transparency in the infrared. Because 
of the high resistance the output of the thermistor bolometer is well adapted to electrical 
methods of amplification. 

RADIOMETER. The Nichols radiometer is a self-contained instrument consisting of 
two similar vanes of blackened mica or platinum on a horizontal arm and suspended in a 
vacuum. It is a development of the toy known as Crookes’ radiometer frequently seen 
in optical shops, which consists of four vanes, each blackened on one face, on arms balanced 
on a needle-point, which rotate when illuminated. The behavior of the radiometer is 
dependent on the gas pressure; at higher values the blackened sides of the vanes are drawn 
in turn toward the window; at lower pressures the warming of the blackened faces by the 
radiation causes the residual gas molecules to rebound from their surface directly to the 
cooler window and push the vanes away from it and the radiating source. All practical 
instruments have the gas pressure so adjusted that they work by the latter method. The 
Nichols radiometer is used by measuring the deflection of the vanes by means of a small 
mirror attached to the cross-arm supporting them, its rotation being observed by the 
usual telescope and scale. The sensitivity of the radiometer to radiation is of the same 
magnitude as that of the bolometer with a sensitive galvanometer. 

SPEED OF RESPONSE OF THERMAL DEVICES. The thermal devices are in 
general slow to respond to variations in signal strength and hence are not well adapted for 
following rapidly fluctuating radiation, such as radiation modulated at speech frequencies. 
The time constant, defined as the interval in which the response declines to 1/e value, is 
for the fastest devices of the order or 5 milliseconds. 


3. PHOTOEMISSIVE CELLS 


STRUCTURE. In photoemissive cells an electropositive metal surface is placed in a 
highly evacuated enclosure, usually of glass or quartz, together with another metal plate, 
the electropositive material constituting the sensitive cathode, the other plate the anode, 
and both plates are connected with terminals led through the glass. The action of the 
cell is as follows: When light falls on the cathode, electrons are emitted into the space 
above. These pass over to the anode, and, if the terminals outside the cell are connected 
through a current-measuring device, a current is observed which varies with the total 
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illumination. Although some current will flow without a battery being connected in series, 
it is common practice to use one, and then the cells act primarily as valves, the illumination 
eontrolling the amount of current which is permitted to pass. 

Practically all photoemissive cells use alkali or alkaline-earth metals as their light-sensi- 
tive materials, and the structure is largely influenced by the problem of introducing these 
metals into the glass or quartz enclosure. In early types of photoemissive cells an alkali 
metal, such as sodium or potassium, was introduced in molten form into a simple spherical 
bulb provided with one leading-in wire in contact with the pool of alkali metal,fand a 
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second wire to serve as an anode. This type has been almost entirely superseded by cells 
in which the alkali metal forms a thin film upon some other metal. Two general types 
of structure are common, respectively, the central-anode and the central-cathode types. 
The central-anode type is represented by cells (a) and (b), Fig. 2. In these the alkali 
metal has been distilled upon a metal plate or on the walls of a bulb with an opening left 
for a window for the light. The central anode consists of a wire loop or grid. The central- 
cathode type, which is illustrated in (c), Fig. 2, consists of a metal plate, on which the alkali 
metal has been deposited, more or less surrounded by a grid or metal covering on the bulb 
wall serving as the anode. 

ELECTRODE MATERIALS. The most commonly used photosensitive materials are 
the alkali metals, sodium, potassium, rubidium, and cesium, whose intrinsic sensitiveness 
increases in the order given. The sensitiveness of the pure metals is, however, far below 
that of the same metals when given various special treatments, such as being exposed to a 
glow discharge in hydrogen or being put down upon an oxidized base and given special 
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heat treatments. The most generally used cell at present consists of a silver plate which is 
oxidized and subsequently exposed to cesium vapor and heat treated. A later develop- 
ment has been the combination of antimony with cesium, which produces a high sensitivity 
localized in the blue region of the spectrum. Other materials, such as barium and cadmium, 
are occasionally used when sensitiveness to particular regions of the spectrum is required. 

VACUUM AND GAS-FILLED CELLS. Photoemissive cells are commonly made up 

either as high-vacuum cells or as gas-filled cells. In high-vacuum cells, the photoelectric 
current consists entirely of the elec- 
trons emitted from the cathode. In 
gas-filled cells, an inert gas such as ar- 
gon is introduced at a pressure of sev- 
eral tenths of a millimeter of mercury, 
ae and, when a sufficient voltage is ap- 
plied, the photoelectrons by collision 
with the gas produce ionization, 
whereby the current is amplified sev- 
eral times. This process of gas ampli- 
fication is limited by the ignition volt- 
age, at which a visible glow discharge 
: takes place, which is self-perpetuating 
Fie. 3. Current-voltage Ree oon for a Central Cathode and will injure the surface of the 
2 cathode. 

VOLTAGE-CURRENT CHARACTERISTICS. The relationship between voltage and 
photoelectric current under constant illumination depends upon the physical structure of 
the cell, particularly upon the size and arrangement of the electrodes. The structure 
best adapted for studying the fundamental phenomena of photoelectricity is the central- 
cathode arrangement. The voltage-current relation for a vacuum central-cathode cell, 
in which the dimensions of the cathode are negligibly small compared with those of the 
anode which encloses it as completely as is possible while allowing space for the entrance 
of light and mechanical parts, is shown in Fig. 3. In this figure, the abscissas represent 
voltages applied to the cathode and show that, at 
a certain positive voltage, that is, with a field which 
opposes the emission of electrons, the photoelectric 
current makes its appearance. This point, which 18 
is a measure of the maximum energy given to the 
photoelectrons by the incident light, is called the 16 
“stopping potential.’’ As the positive voltage is 
decreased, the photoelectric current increases until 
it reaches a steady value at the saturation voltage. 
This voltage will be zero if anode and cathode are 
of the same material, but it will be displaced by the 
contact difference of potential between the anode 
and cathode where the materials are different. 

In Fig. 4 is shown the corresponding character- 
istic for a vacuum central-anode cell. Here, be- 
cause of the small target presented by the anode, 
saturation is reached only at high voltages. In 
Fig. 4 is also shown the voltage-current relation- 
ship for a gas-filled cell of the same construction. 
At low voltages this characteristic is essentially 
that determined by the structure of the cell, 
whether it be central anode or central cathode, 
but at higher voltages the current increases rapidly 
up to the ignition voltage of the gas which is, in 
general, of the order of magnitude of several hun- oO 20 40 60 80 100 120 
dred volts. Beyond this point, a sustained dis- ye ‘ 
charge occurs with a negative voltage-current Eis oe REE ee vaca ae 
characteristic. 

ILLUMINATION-CURRENT RELATIONSHIP. With an ideal cell structure, the 
number of electrons released by the light, and consequently the photoelectric current, are 
directly proportional to the illumination. In all practical cells, however, this strict rela- 
tionship is departed from to a slight extent because of charging effects of exposed glass 
walls and other obscure phenomena. For this reason, photoelectric cells are applicable to 
precision photometric measurement only if their exact characteristics are determined by 
experiment, or if a substitution method is used. In gas-filled cells, the illumination-current 
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relationship departs from strict proportionality whenever, as is common, a high series 
resistance is used either as part of the measuring system or for protection against the 
occurrence of a glow discharge. The photoelectric current flowing through this series 
resistance uses up part of the applied potential, thereby lowering the voltage across the 
cell itself, which accordingly works upon a 


lower point in the voltage-current character- 18 1006” 
istic of Fig. 4. Typical illumination-current 4» 55,000 
curves for a gas-filled cell with various series 16 : a 
resistances are shown in Fig. 5. = 197,000 
WAVELENGTH RESPONSE. The photo- 44 
electric current per unit of incident radiation CsO Cell 
varies greatly with wavelength and in different 84 Volts 
ways, depending on the characteristics of the a ‘i. 800,000” 
sensitive material employed. £ aE | 
Figure 6 shows the equi-energy response ©10 
curves for several typical cells compared with 4 Sat a 
the average eye. These exhibit maxima of % g}-/-1- — 220 
‘emission strongly localized in different parts of 2 
the spectrum. The maximum lies in the blue 2 6 
for the potassium hydride cell, in the infrared Ie 
for the cesium-silver oxide cell, and in the near 10,000,000 
ultraviolet for the cesium-antimony cell. The “ 
type of cell to choose for a given purpose to I 
secure the maximum response depends on the 2 
characteristics of the light source used. Sources 
like the tungsten lamp, whose emission is roy 
greatest in the infrared, evoke a maximum Ol iets eZ = Ot 5 Ape Penge? 


response from cells of the cesium oxide type, 
as illustrated in Fig. 7, where two cells of Fig. 6 
are excited by tungsten lamplight instead 
of an equal-energy spectrum. Daylight and the quartz mercury arc, on the other hand, 
evoke a greater response from cells whose sensitiveness is farther toward the blue end of 
the spectrum. 

SENSITIVITY. The luminous sensitivity of photoemissive cells is ordinarily defined 
by their output in microamperes per lumen of steady light. For gas cells which have some 


Fie, 5. Current-illumination Relation for 
Gas Cell with Various Series Resistances 


2 


Relative P.E. current per unit energy, maximum 


0.0 
3000 4000 5000 6000 7000 8000 9000 10,000 11,000 12,000 


Wavelength, angstrom units 


Fia. 6. Equi-energy Spectral Response for Some Types of Blue- and Red-sensitive Cells and{the 
Average Eye 


inertia at acoustic frequencies this sensitivity is often stated in terms of the cell’s ability 
to follow a sinusoidally varying light at one or more stated frequencies within this range. 

In general the sensitivity depends on the cell voltage, the flux intensity and its color, the 
resistance in the external circuit, and the distribution of the flux over the cathode if it is 
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non-uniform, as it frequently is to some extent. No allowance is ordinarily made for the 
glass bulb or any absorbing films on its interior as they must be tolerated in using 

the cell. ; ; 
Since the output is dependent on the spectral composition of the light, this should be 
specified; as tungsten lamps are ordinarily used in rating cells, it is done by stating their 
color temperature. There is no 


eo general agreement on a standard 


color temperature, but 2870 deg 


18 abs has been suggested and is used 
by some manufacturers. Figure 8 
16 shows how the sensitivities of the 
red-responsive cesium oxide and 
the blue-responsive potassium hy- 
ae dride cells vary with this tempera- 
ture. The sensitivity should not 
~i2 be confused with the total output 
£ obtainable from a cell as the fila- 
610 ment temperature of the lamp is 
uw raised; this output always increases 
= s rapidly. The current per lumen of 
2 light, however, decreases with 
3 highly red-sensitive cells because 
6 there is relatively less red to blue 
or total light. Typical sensitivities 

4 are given in Table 2. 
The sensitivity of photocells is 
2 also defined by the magnitude of 
their response per unit radiant flux 


Aiea at a given wavelength. For exam- 

3000 4000 5000 6000 7000 8000 9000 10000 1100012000 ple, the cells in Fig. 6 may be so 

Wave-length - A° evaluated by their microampere 

Fia. 7. Tungsten Spectral Response for KH and CsO Cells output per microwatt of irradiation 

at the wavelengths of maximum 

response. Typical values for unamplified commercial cathodes are: S1, 0.002 at 7500 A; 
$2, 0.002 at 8000 A; S3,0.002 at 4400 A; S4, 0.04 at 3750 A. 

In evaluating photoemissive cells the permanence and stability of the sensitivity must 

be considered along with its absolute value. Commercial emissive cells are usually per- 

manent and stable provided that excessive voltages are not used (particularly on gas cells) 
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and provided that they are not subjected to excessive heating or too concentrated illummina- 
tion. Any ionization even of residual vapor or gas must be avoided for maximum stability 
so that in precision use anode voltages as low as 20 volts are recommended. 

Leakage, due to a conducting film around the stem or to thermionic emission from the 
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cathode, may render high sensitivity more or less useless. Cathodes deficient in red 
sensitivity, such as cesium-antimony, have greatly reduced thermionic emission. 
FREQUENCY RESPONSE. The emission of electrons in the photoelectric effect is 
practically instantaneous, and accordingly the emission should be capable of following 
intermittent illumination 
up to exceedingly high fre- Table 2. 
quencies, such for instance 
as those required for tele- 


Sensitivity of Photoemissive Materials 
(Tungsten lamp source) 


vision. In practice, the Mioroamipercs ane ee 
ewe coe drops perimument Lees ca 
off a ig requencies, 

owing either to the pres- | Potassium hydrides,....hiseienioenne 0.5-1.0 2848 
ence of the gas in gas-filled | Potassium-sulfur................ 1.8 2848 
cells or in vacuum cells to | Sodium-sulfur................... 2.4 2848 
the presence of the high Sodium-sulfur-oxygen............ 6-8 2848 
series resistance, which is Cesium antimony G4) reesaerociensrs 2 30-45 2870 
ordinarily used for cou- a oxide on silver (SI, S2).... 10-50 2870 
pling purposes, or to the Coie ae endian Goes eae ae 
electrostatic capacitance [gg.0 see, 3.0 2870 

of the cell considered as a 


* Intrinsic sensitivity of the cathode; amplification by gas or by sec- 
ondary emission may increase these figures by several times or by sev- 
eral orders respectively. 


condenser. Typical fre- 
quency-response curves 
are given in Fig. 9. 

In a gas cell the frequency response is dependent on the applied voltage, and if this is 
near the breakdown the loss of response may considerably exceed the values shown. It 
is not advisable to exceed the voltage recommended by the manufacturer. 

MEASURING CIRCUITS FOR USE WITH PHOTOEMISSIVE CELLS. There are 
two general methods of measuring photoelectric-cell output: first, the measurement of 
the current directly; and second, the measurement of the voltage drop across a series 
resistance. The photoelectric current is measured by inserting a sensitive galvanometer 
in series with the cell and a battery, and the method is limited in sensitiveness only by the 
sensitivity of available galvanometers. The voltage drop across a high resistance is 
measured by means of an electrometer or of special vacuum tubes designed to function in 
the same manner. For extremely minute illuminations, the high resistance may be made 
infinite, and the current may be ascertained by the rate at which the electrometer or 
equivalent device charges up. 

A number of d-c galvanometers are made which are suitable for use with photoemissive 
cells, ranging in sensitivity down from about 107!° amp; this can be extended to about 
10-12 amp with a device like the Moll thermorelay. The resistance of the galvanometer 
is immaterial, provided that it has a high current sensitivity, because the resistance of the 
cell will ordinarily be enormously greater. It is not desirable for several reasons to use 
an instrument that is much 
more sensitive than the work 
demands, but the testing of 
various types of cells of widely 
varying characteristics with 
different colors and intensities 
of illumination may require a 
very flexible galvanometer 
system. In this event, shunts 
can be used if they are so ar- 
ranged as not to interfere with 
the critical damping. A good 
method is to insert various 
sections of the damping resist- 
ance in the cell cireuit. The 
Leeds and Northrup type 
2285-F galvanometer is suit- 
able for,this purpose. Where 
considerable current is available and portability is desired, microammeters of the Rawson 
or Weston type are convenient, especially when provided with a. dial or other means of 
securing various scale sensitivities. 

In all cases, great care must be taken to protect any instrument from a breakdown of 
the cell by inserting sufficient series resistance, at the same time, if possible, retaining 
linearity of response. For work of the highest sensitivity it is necessary to resort to an 
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electrometer such as the Compton type, the applied potential being secured by the drop 
across several megohms in series with the cell, or by using the cell as a constant current 
source and measuring the rate of charging of the electrometer placed in series. Effective 
use of the electrometer requires a permanent laboratory installation. Where greater 
portability is desired practically equivalent results can be secured by amplifying the very 
small currents by an “FP.54 pliotron’”’ and measurement on a moving-coil galvanometer 
such as the Leeds and Northrup type R. For the methods of using an electrometer see 
Hughes and DuBridge’s Photoelectric Phenomena, 1932, pp. 435-444, and for the corre- 
sponding technique of amplification see DuBridge, Physical Review, Vol. 37, Feb. 15, 1931, 
pp. 392-400. For descriptions of the more common electrometers see the catalog of the 
Cambridge Instrument Company, and for galvanometers consult catalogs of Leeds and 
Northrup Company and Kipp and Zonen. 

AMPLIFICATION OF PHOTOEMISSIVE-CELL OUTPUT. Photomultiplier Tube. 
The initial current produced by illumination of a photocathode may be greatly amplified 
by utilizing the phenomenon of secondary emission. In the photomultiplier tube the elec- 
trons emitted from the cathode are directed by a suitable high-voltage field onto another, 
usually similar, electrode where they cause the emission of secondary electrons which are 
greater in number than the impinging electrons. This process may be repeated a number 
of times. Present commercial multiplier tubes have as many as nine such stages, and 
even larger numbers have been used in special tubes. The overall current amplification 
thus produced is of the order of several hundred thousand times. A typical electron mul- 
tiplier structure is shown in (g), Fig. 2, and commercially available models are listed in 
Table 3, p. 15-16. 

Circuits for Amplifying Photoemissive-cell Output. The photoemissive cell, because 
of its exceedingly high internal resistance, is admirably adapted for use in connection with 
vacuum-tube amplifying devices. In the simplest arrangement, the electrometer described 
in the previous section is replaced by the grid of a three-electrode tube, and the potential 
acquired by it modulates the current through the vacuum tube, which may be further 
amplified by successive stages. 

Circuits for amplifying photoemissive-cell output are determined by the type of appli- 
cation of the cell. These can be put largely into three classes: trigger operation, d-c linear 
operation, and a-c linear operation. The first class is concerned with merely a qualitative 
response, and there is no particular requirement for linearity. A large number of uses 
come under this classification, such as the operation of relays in various counting and sort- 
ing processes. The usual circuit for amplification consists in feeding the voltage drop 
across the cell load into a thyratron tube which in turn actuates a relay (see Section 21). 
The necessity for supplementary amplification will depend on the light variation available 
and the marginal requirements of the relay. It is necessary to provide for the release of 
the thyratron, and this can be easily done by using alternating current on its cathode or 
interrupting the direct current. The sensitivity of trigger systems can ordinarily be in- 
creased by the use of large load resistances in the cell circuit. 

A method of use closely allied to the preceding in the characteristics demanded of the 
cell is as a null device in substitution photometry, where the only requirement is a suitable 
recorder with enough amplification to give the necessary precision. If the test and com- 
parison lights are rapidly alternated on the cell, the method permits of a-c amplification 
with its attendant advantages of great efficiency and simplicity, the match being given 
by zero a-c output. 

The second class, d-c linear operation, covers the direct-reading method of photometry, 
an example of which is the recording of daylight intensity. This method has the disad- 
vantage of requiring stable cells of reproducible, linear characteristics, a requirement not 
always easy to meet for precision photometry. For many purposes, however, the require- 
ments are not rigid and commercial cells are suitable for the purpose. Several methods 
of amplification are possible. One is to use straight d-c resistance-coupled amplification, 
preferably at low cell currents, with an electrometer tube as the first stage. In order to 
minimize the tendency to instability inherent in d-c amplification, use is sometimes made 
of balanced d-c amplification. At low light intensities these direct methods require much 
care to guard against leakages in and around the cell, and, for some purposes, specially 
constructed cells are necessary. Another precaution that must be taken is to insure the 
linearity of response of the amplifier. A third method of amplification that is sometimes 
applicable is to interrupt the illumination of the cell and use a-c amplification (see Section 
7). This has the advantages of greater stability, of minimizing leakages, and of securing 
the efficiency of interstage coupling by transformers. 

Such uses of photocells as for picture transmission and sound pictures may be classed 
as a-c linear operation. Here the response must be not only linear but also uniform over a 
range of frequencies which may, as in television, be very large. This imposes certain 


PHOTOCONDUCTIVE CELLS 15-11 


restrictions on the load impedance in the cell circuit. Since a large value is necessary in 
order to secure a high voltage output into the amplifier, the shunting capacitance becomes 
very impcrtant and severely limits the useful value of the impedance that can be used. 

Noise Limit to the Use of Amplification. Broadly speaking, any photoelectric current, 
however minute, can by successive amplification be raised to any desired high value. A 
limit is set to the effectiveness of this process by the noise in the cell or its associated 
circuits, which is amplified along with the signal. The significant specification of sensitivity 
of a photocell thus becomes the signal which ¢an override the noise. Noise in a photocell 
exists because of natural fluctuations of current at low values and by the thermal agitation 
of electrons in the coupled resistances, and it is a function of temperature, frequency, and 
band width. In addition there are many extraneous sources of noise from such causes 
as the ionization in gas tubes, interference, microphonic contacts, power supplies, and 
dielectric leakages. These can usually be diminished to secondary importance by careful 
shielding and design of the circuits. Where considerable amplification of weak photo- 
currents of wide bandwidth is required there will be a gain in the signal-to-noise ratio by 
using a multiplier phototube for the initial stages. 


4. PHOTOCONDUCTIVE CELLS 


The fact that light could directly change the electrical resistance of a substance was 
first discovered about 1880 by observation of the effect in metallic selenium, and since 
that time some 2000 papers have been published concerning its behavior and use. Never- 
theless, the mechanism whereby light releases electrons remains obscure. Furthermore, 
many of its characteristics depend to a considerable extent on the method of construction 
as well as the conditions under which they are measured. Two types of construction have 
been used for such cells: one in which a thin layer of selenium is sandwiched between two 
electrodes, one of which must be translucent to permit illumination of the layer; and one 
in which two interlocking metallic grids or combs are bridged by a layer of selenium. Mod- 
ern cells are usually of this second type, although the barrier cells described below use the 
first. An example of a conductive selenium cell of comb construction is shown in Fig. 2(d). 
Other materials which exhibit similar properties are thallium sulfide and lead sulfide. The 
former is used in a cell known commercially under the name of ‘‘Thalofide.’’ Both these 
newer cells possess properties which render them superior to selenium. 

Current-illumination Relationship. If a selenium cell is placed in series with a battery 
and meter and is illuminated with increasing intensity, the resulting current will usually 
be of the shape shown in Fig. 10. In general 
the change in conductance, G, follows the Les 
equation eed 2 
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where g and x are constants, F the light flux, Oe 
ro the dark resistance, and r; the light resist- 
ance. The constant z is frequently about 
0.5, so that the photocurrent varies approxi- 
mately as the square root of the illumina- / 
tion. The dark resistances of different grid / 
cells vary greatly but usually are from 7 
100,000 up to several megohms; those of the 
sandwich type are much lower and may be f 
only a few hundred or thousand ohms. The 
current-illumination relation of thallium 
sulfide differs from selenium. in not being | 
curved as strongly toward the illumination 
axis. 10) at 2 3) f 4 : 5 6 ‘di 8 

Photoconductive cells are made to oper- f Penen 
ate on a variety of applied voltages, and in Fie 10. Caren y ihunins sae Weta for Se- 
general the recommendations of the maker 
should be followed. If not hermetically sealed the cells should be protected from excessive 
moisture and corrosive gases such as sulfur fumes. High illumination also causes deterio- 
ration of some cells. 

WAVELENGTH RESPONSE. Typical curves of the spectral response for both selenium 
and thallium sultide are shown in Fig. 11. It is characteristic of the former to have a 
peak at 7000 or 7500 angstroms, the sensitivity up through the visible region being variable 
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with different cells and frequently rising again as the ultraviolet is approached. Thallium 
sulfide is much more infrared-sensitive than selenium, with a maximum around 10,000 
angstroms, after which it falls off rapidly, whereas lead sulfide has a maximum at 25,000 
angstroms and falls to 20 per cent at 4000 and 
33,000 angstroms. 

FREQUENCY RESPONSE. Many oscil- 
lographic observations have been made on 
the speed with which the photocurrent builds 
up when a selenium cell is suddenly illumi- 
nated and on the rate of decay of the current 
when the light is removed. This method of 
observing its inertia, however, is ordinarily 
not so useful as the method of measuring its 
response to continuously interrupted light of 
known frequencies. Figure 12 shows such a 
measurement starting at very low and extend- 
ing to nearly 10,000 interruptions per second, 
the ordinates being the a-c response relative 
to the flat portion as unity. The most re- 

Fie. 11. Spectral Response for Selenium and cently develope d Thalofide cells fall off much 

MirnlisansuladeiGondtictive Galle more slowly with frequency and are useful up 

to the lower voice frequencies; the frequency 

performance of lead sulfide is notably better than that of thallium sulfide, remaining 
practically constant up to 5000 eps. 

SENSITIVITY. Photoconductive cells are commonly rated by their ratio of dark-to- 
light resistance at a stated illumination and voltage. Thus a cell may be stated to have a 
ratio of 6 at 100 ft-c using a bat- 
tery of 100 volts. As there is 1 
no agreement on a standard 
light intensity or color, care 
must be exercised in comparing 
cells from different manufac- 
turers. The d-c sensitivities 
may be divided into two classes 
according to whether the load 
in series with the cell is a relay 
to be operated directly, or a 
resistance, the voltage drop 
across which is in turn required 
to operate the grid of a therm- 
ionic tube. In the latter case 
the expression for the voltage sensitivity, 7, of selenium is 
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where H, = voltage across load effective on grid. 
E = battery voltage. 
F = light flux. 
ro = dark resistance of cell. ar 
g = constant of the cell, its light conductance being eV FP. 
r; = light resistance of cell. 


This is the equation for the maximum voltage sensitivity at light flux F, where the load 
resistance is equal to the light resistance of the cell 7;, under the condition of operation. 
If the load is a relay to be operated directly in series with the cell the ampere-turn sensi- 
tivity must be used instead of the above. This is equal to the voltage sensitivity given 
above multiplied by 1/t, where ¢ is the resistance per turn of the relay. 

If a photoresistance cell is operated between dark and a given light intensity as the 
limits, the maximum voltage change across the load resistance, ra, is secured when 
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The same condition for rg applies for the current-turn sensitivity, and its change is equal 
to the voltage change multiplied by 1/t. 
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AMPLIFICATION OF PHOTOCONDUCTIVE-CELL OUTPUT. The amplification 
of the output of these cells is fundamentally the same as for the emissive cells, and the 
same types of amplifiers can be used. Since conductive cells have much lower impedances, 
it is possible in many cases to match the load to the cell and thereby secure the maximum 
efficiency of operation. Since the ceil resistance may vary rapidly with illumination, care 
must be taken that the match be made at the average light intensity at which the cell is 
to be operated. If an intermittent or variable illumination is used such that the cell must 
respond to some range of frequencies it may be necessary to equalize the output in order 
to preserve fidelity of reproduction. Since there is an increasing loss as the frequency of 
response is increased, it is necessary to compensate for it by introducing attenuation of 
the lower frequencies by a filter network at some convenient point in the amplifier. The 
highest frequency at which one desires to work will then determine the effective loss of a 
cell. 


5. BARRIER PHOTOCELLS 


STRUCTURE. The fact that, under certain conditions, photoconductive selenium 
cells could produce an emf on illumination without any applied potential has been known 
since the late nineteenth century. The discovery of the effect in cuprous oxide revived 
interest in it and led to the development of cells of commercial importance. They are of 
the sandwich type of construction referred to above and illustrated in Fig. 2(e). A photo- 
sensitive material such as selenium or cuprous oxide C is formed on a suitable metallic 
base H and covered with a translucent conductor such as a wire mesh A or a thin metallic 
film. If the photosensitive layer is itself partially transparent, as, for example, cuprous 
oxide, a photo emf may appear at junction D, where it is called a ‘‘back-wall effect,” or 
at B, where it is called a ‘‘front-wall effect.” 9999 
The location and degree of sensitiveness are 
dependent on the method of preparation, 
the heat treatment, rate of cooling, gas con- 
tent, and treatment of the boundary sur- 
face. If an attempt is made to pass current 
across such a photosensitive boundary by 
inserting a battery of a few volts in the 7000 
meter circuit, it is customarily found that 
the current can flow much more easily in 
one direction than in the other, and this di- 
rectional resistance behavior or rectification 
is illustrated in Fig. 13 for a typical com- 
mercial cell in the dark, the unit here being 
of the front-wall type. Asa photocell with- 
out the external battery, the effect of illumi- . 
nation is to make the top become negative 
and the base positive; that is, the electrons 
released by the light flow in the high-resist- 
ance direction. If the active layer is at the 
back wall D, Fig. 2(e), the behavior is pri- 1000 
marily the same except that the polarities 


oo 

fe} 

8 
eat 


Resistance in Ohms 
oa 
fo} 
° 
fo) 


are reversed with respect to the top and bot- 0 
tom. In this case the light must penetrate Top +E Top—E 
a a Volts 
much more material, which reduces the F é 
; Fia. 18. Dark Resistance-voltage Relation for 
optical efficiency and alters the spectral re- Saloni Bamion Coll 


sponse curve. 

When a barrier cell is illuminated, its dark resistance at zero applied voltage is decreased 
by the photoconductive effect in the layer, and at high intensities it may be much reduced 
for a cell of the characteristics shown in Fig. 13. 

ILLUMINATION RESPONSE. The current-illumination response of a typical cell 
is shown in Fig. 14 with various series resistances. With very low resistance or short- 
circuited current the relation is linear or very nearly so, gradually becoming more curved 
as the resistance is increased until the open-circuit voltage relation is reached. Figure 15 
shows the two extremes for comparison. Care must therefore be taken not to use too 
much series resistance if a linear response is desired. 

WAVELENGTH RESPONSE. In Fig. 16, A shows the spectral response for a typical 
selenium cell; B and C are for front- and back-wall cuprous oxide cells, respectively. In 
general, cells of this type have most of their sensitivity in the visible region. Back-wall 
cells of cuprous oxide, however, are deficient in this region owing to the absorption of the 
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red oxide so that their response is confined largely to the visible red and some distance 
beyond into the infrared. Cells equipped with optical filters to make their response closely 
that of the eye are now supplied by manufacturers. 
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SENSITIVITY. Barrier cells are rated according to their microampere-per-lumen 
output, and the same qualifications apply to them as were stated for emissive cells con- 
cerning the color of the light source and resistance in series. On account of the warping 
of the linearity of the current curve by comparatively small resistances, care must be taken 
in its measurement to use a sufficiently low-resistance meter. It is also frequently useful 
in certain applications to have a statement of the open-circuit voltage in millivolts per 
lumen. From Fig. 15 it is clear that this ratio is high at low illuminations and rapidly 
diminishes as the illumination is raised, and for this reason it is necessary to state the 
illumination at which the measurement is made. 

Calculations of the maximum power and voltage sensitivities are complicated by the 
fact that the internal resistance decreases with illumination, especially with the selenium 
type. For this reason, it is necessary 
to know the characteristics of the in- 
dividual cell, and it is advisable to 
consult the manufacturer regarding 
the particular use to which it is to be 
put or to determine the proper load 
experimentally. For the cuprous ox- 
ide type the internal resistance is com- 
monly assumed constant, and in this 
case the maximum voltage sensitivity, 
dE,/dF, is equal to Sr, S being the 
sensitivity constant and r the internal 

) resistance, the load, rz, being rela- 
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Fie. 16. Spectral Response of Barrier Cells. A, sele- ee eee ee. SRSLY IS, oe SirF/2, 
nium. B, cuprous oxide, front wall. C,cuprousoxide, Whererz = r. These values of rz will 
back wall. ordinarily be sufficient to cause depar- 

ture from linearity of current response 

so that a compromise must be made by sufficient reduction in the load resistance. Barrier 
cells are liable to deteriorate, and direct-reading instruments utilizing them such as 
foot-candle and photographic exposure meters should be checked occasionally and the 
cell replaced if necessary. Poor contact with the clamping rings may also develop. This 
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type of cell is subject to a fatigue which causes a decrease in the response when first 
illuminated. Recovery takes place in the dark, but the reproducibility of readings is 
somewhat dependent on the duration and intensity of illumination. This type has no 
dark current. 

FREQUENCY RESPONSE. Exact information on the various commercial cells is 
not available. Barrier cells have a relatively large internal capacitance which diminishes 
their output with increasing frequency. The ‘‘Photronic cell’’ is stated to give a satis- 
factory response to light interrupted at 60 cycles per second, and if this output is assumed 
100 per cent then at 120 cycles it will be about 58 per cent, at 240 cycles 30 per cent, 
and at 1000 cycles 6.4 per cent. It is also stated that, if an equalized response is produced 
up to 5000 cycles, the power level is reduced approximately 35 db. The response of the 
cell to single interruption is more rapid than that of a relay, so that for this use they may 
be considered instantaneous. 

AMPLIFYING CIRCUITS. If constant illumination is to be used, a d-c amplifier is 
demanded, which may be troublesome to build and operate. In general it is therefore 
recommended that the light be interrupted at a low frequency of, for example, about 60 
cycles, and that a good a-f amplifier capable of transmitting this frequency efficiently 
be used. 

The remarks previously made concerning the amplification of emissive and conductive 
cells also apply to this type. Barrier cells have lower impedance than either of these, and 
are well within the range of practical transformers, so that they can be directly coupled and 
the output used in an a-c amplifier. Equalization of frequency response may be necessary 
as with the conductive cells. 


6. PHOTOVOLTAIC CELLS 


In the middle of the nineteenth century it was discovered that if two similar electrodes 
of certain materials, such as platinum or silver coated with silver halide, were immersed 
in dilute electrolytes and one electrode was illuminated, a voltage appeared between them. 
These are referred to as photovoltaic cells, although some writers broaden this name to 
include also the barrier cells previously described and refer to them as wet and dry cells 
respectively. Various combinations of electrodes, coatings, and intervening liquids have 
been employed, but, apart from experimental studies of the effect, the usual materials are 
oxides, sulfides, or halides in an acid or inorganic salt electrolyte. Cuprous oxide gives a 
large effect and has frequently been used in attempts to commercialize this type, the non- 
sensitive electrode being some durable material such as lead with an electrolyte of lead 
nitrate in water; see Fig. 2(f). 

CHARACTERISTICS. The behavior of the open-circuit voltage and the short-circuit 
current responses with illumination for a cell of the Cu, CugO, Pb(NO3)2, Pb construction 
are similar in shape to the corresponding characteristics for barrier cells (see Fig. 15), the 
former showing a tendency to voltage saturation and the latter being linear. The effect 
of increasing external resistance is also qualitatively similar; see Fig. 14. 

The spectral response of the cuprous oxide cell is high in the visible spectrum, being a 
maximum in the blue or blue-green. 

These cells are subject to polarizing effects which make them more unstable than the 
other types, and there is a gradual deterioration of the sensitive layer which greatly 
shortens their useful life. It is claimed that this deterioration can be inhibited to some 
extent by using a depolarizer such as hydrogen peroxide in the electrolyte to oxidize the 
free hydrogen which reduces the cuprous oxide. 

The response to illumination and the recovery afterward are not as rapid as the cuprous 


oxide barrier effect. 


7. CHOICE OF CELLS FOR VARIOUS.PURPOSES 


Although the applications of photocells are frequently classified according to marginal 
or linear operation, this does not have so much to do with the choice of the cell as the 
method of its use and of the amplification of its output. Ordinarily the selection of a cell 
is dominated by considerations of high sensitivity to tungsten or daylight, the requirements 
of precision photometry, a particular spectral response, or convenience, all of which 
involve the relative evaluation for the purpose at hand of such factors as magnitude of 
output, frequency loss, fidelity of color and intensity response, permanence, stability, 
leakage, and absence of external battery. 
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The cesium oxide cell is particularly efficient for use with tungsten light because its 
maximum sensitivity is near the optimum energy emission of the high-brilliancy gas 
lamps. This renders it suitable for sound pictures, telephotography, television, and numer- 
ous marginal applications such as counting and control operations. The color response 
is also sufficiently extended over the spectrum to permit its use in many sorting operations 
and in colorimeters. In some technical applications it is necessary or, at least, highly 
desirable that the cells be used with infrared light to avoid detection of the beam by the 
wary or curious, and the cell has sufficient infrared response to permit the tungsten light 
to be concealed by filters which transmit only this region with very little visibility of the 
interrupted beam. The cesium-antimony cathode is finding increasing application. Its 
high efficiency to tungsten light makes it competitive with cesium oxide and considerably 
superior with bluer modern illuminants. For colorimetric applications, a surface such as 
the $3 is more suitable because of its broad spectral response through the visible region 
which more nearly simulates the eye. 

The requirements of precision photometry vary greatly according to the intensity and 
color of the light to be measured and according to whether the measurements are relative 
or in visual units. For example, in stellar photometry where very little light is available 
and high amplification is necessary, leakage in and around the cell must be reduced to the 
minimum and high sensitivity and color response may not be as important. On the other 
hand, in the ordinary routine photometry of tungsten light, leakage may be relatively 
unimportant. In precision photometry it is essential that cells be used in a manner which 
gives an assured calibration for each reading and that their constancy be not assumed 
without adequate proof. Cells to be used for measurements in visibility units require 
either a filter to modify their color response or a calibration by a source whose spectral 
emission is the same as that to be measured. If sources such as tungsten lamps through a 
moderate range of color temperature are to be measured, requirements of commercial 
photometry may be met by calibrating with a similar source within the range, combined 
if necessary with a visual filter that approximately matches the eye. 

The increasing use of ultraviolet for therapeutic and photochemical purposes has created 
a demand for cells to measure intensities in this region, the response for therapeutic pur- 
poses being of such shape as to evaluate the radiation directly in erythema units or in 
time of exposure. This region is from 2800 to 3200 angstroms approximately, the shorter 
wavelengths of questionable value being excluded by filtering the source. A number of 
materials are intrinsically sensitive to this region, but it is undesirable to use those of 
considerable visible sensitivity because of the difficulty of suppressing sufficiently the 
larger amount of energy in the longer wavelengths even in the mercury arc, which would 
mask the ultraviolet response. Consequently it is desirable to use only those materials 
which are not naturally sensitive much beyond 3200 angstroms. Cadmium, uranium, and 
lithium have been proposed, and the first two have been used practically. In order to 
limit the response to the proper wavelength on the short-wavelength side, these metals 
can be mounted in bulbs of Corex D glass instead of quartz. If, for other purposes, it is 
desired to broaden the region of response up toward or into the visible blue, thorium and 
cerium have been suggested. 

The glass bulbs of ordinary commercial cells are more or less opaque to radiation beyond 
about 3200 angstroms, so that, in any event, a special glass or quartz is necessary. The 
cesium oxide cathode, however, is very sensitive to the longer ultraviolet up to 2000 ang- 
stroms as far as measurements are available. 

For certain purposes where an external battery is undesirable, cells of the barrier type 
are finding application, an example being as a photographic exposure meter. It is neces- 
sary, of course, to interpret the readings in terms of exposures for the various color sensi- 
tivities of emulsions by charts or suitable scales on the meter. 

Table 3 lists the better-known commercial cells. 
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TELEVISION PICK-UP TUBES 


By V. K. Zworykin and E. G. Ramberg 


8. REQUIREMENTS 


The purpose of the television pick-up tube is to convert an optical image of the scene 
to be transmitted into an electrical signal descriptive of the light distribution in the image. 
In all the pick-up tubes here considered the signal is obtained by scanning in sequence a 
rectangular image area along a fixed number (e.g., 525) of adjoining horizontal scanning 
lines; with an ideal transmission system and viewing device the instantaneous signal output 
of the pick-up tube determines the brightness of a particular picture element (i.e., a square 
whose length and height are equal to the separation of two scanning lines) in the reproduced 
image, scanned in synchronism with the transmitted image. 

A satisfactory pick-up tube must be capable of furnishing a signal that can be converted 
into an image with adequate detail, free from objectionable random fluctuations in bright- 
ness (noise), and faithful in geometry and tonal values over its entire area, at a reasonable 
illumination of the transmitted scene. Similar requirements regarding resolution, signal- 
to-noise ratio, uniformity, and sensitivity must also be fulfilled by the 35-mm negative 
film employed in commercial motion-picture production, whose properties may reasonably 
be taken asa standard. This is all the more appropriate since the comparison of television 
with motion pictures appears inescapable. 

SENSITIVITY. A suitable figure of merit for the sensitivity is given by the ratio 

f?/(BA), where f is the f-number of the lens employed, B the brightness of the scene required 
to yield a good picture (in lumens per square meter), and A the area of the picture on the 
film (in square meters); through the factor f?/A the figure of merit is proportional to the 
square of the depth of focus. Employing figures derived from motion-picture studio 
practice, f = 2, B = 5500 (lumens/m?), and A = 0.00032 m? (0.5 in.”), f?/(BA) = 2.3. 
_ RESOLUTION AND SIGNAL-TO-NOISE RATIO. Thirty-five-millimeter film is 
generally capable of resolving 1000 to 1500 lines per picture height; on the other hand, 
at this level the photographic grain or noise interferes seriously with the picture detail 
(i.e., the signal). For a ratio of the signal to the root-mean-square noise amplitude of 
30-40, required to render the grain unobjectionable, the resolution must be reduced to 
about 500 lines. It should be noted that the root-mean-square noise amplitude employed 
throughout in the present discussion is only about one-sixth as great as the peak-to-peak 
noise amplitude, which may be observed directly on an oscilloscope screen. It is found 
experimentally that the signal-to-noise ratio for film remains approximately constant 
throughout the useful exposure range. It differs in this from the more sensitive television 
pick-up tubes, for which the noise is constant and the signal-to-noise ratio, hence, is lower 
in the low lights than in the high lights. 

UNIFORMITY. The film image is geometrically faithful and uniform in response over 
the entire image area. 

It will be seen that certain pick-up tubes exhibit higher sensitivity and signal-to-noise 
ratio for equal resolution than film. To this extent they enable television cameras to 
function more favorably than studio and news motion-picture cameras. 


9. THE IMAGE DISSECTOR 


The Farnsworth image dissector is shown, in schematic cross-section, in Fig. 1. At one 
end of the tube there is a photocathode on which a lens projects an optical image of the 
scene; at the other, a positive electrode with a tiny aperture, equal to a picture element 
in size. The magnetic field of a solenoid focuses the photoelectrons so as to form, in the 
plane of the aperture, a charge image of the picture on the photocathode. This charge 
image is swept across the aperture by the magnetic deflecting fields so that, at any instant, 
photoelectrons from just one picture element on the photocathode pass through the 
aperture. These accelerated photoelectrons fall on the first stage of an 11-stage multiplier 
(see article 4) built into the tube and eject a larger number of secondary electrons which 
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are drawn through an accelerating screen to the second target electrode, leading to a 
further secondary-emission multiplication of the current. The output of the multiplier, 
finally, may be coupled by a resistance to the input of a standard video amplifier. 
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Fic. 1. The Image Dissector 


The current passing through the aperture is simply the photocurrent emitted by a 
picture element on the photocathode. Thus, if p is the photosensitivity of the cathode 
in amperes per lumen, ZL its illumination in lux (lumen/m?), A the effective area of the 
photocathode in square meters, and N the number of picture elements, the signal current 


becomes 
2 PLA (1) 


ds 


Denoting the transmitted band width by F, the shot-noise amplitude for this current is 


in? = (QetgF)”# (2) 
Assuming PF = 5 - 108 sec! and a 525-line picture (V = (525)? - 4/8), 
ie? = 2.1 - 10-%pLA)” (3) 
Hence the signal-to-noise ratio is 
= 1 
S = i,/i2 = 13 - 10%pLA)” (4) 
If it is assumed that p = 20 - 10~-® amp/lumen, A = 0.01 m? (15 in.”) 
S = 0.58L% (5) 


A signal-to-noise ratio of 100 would thus demand a cathode illumination L = 29,000 lux. 
The multiplication provided by the multiplier should be such that the multiplied shot 
noise exceeds the amplifier input tube noise current, which may be estimated at 2 - 1079 

amp. Since Beey 
in’? = 1.6 - 10-28 (6) 


the multiplier gain will suffice for all recognizable picture detail (S > 1) if it is equal toa 
few thousand. The actual gain is made larger than this, reducing the required amplifier gain. 

SENSITIVITY. From the above figures it follows that, in order to transmit a picture 
with a signal-to-noise ratio of 100, an image dissector provided with an f/4.5 lens would 
require (for an effective cathode area of 0.01 m’) a high-light brightness of the scene equal 
to 29,000 (2-4.5)? = 2.3-10° lumens/m?. The figure of merit of the dissector, calculated 
in the same manner as for 
film, hence becomes 

Ane 1 

0.01-2.3-108 1100 (7) 
Thus the sensitivity of the 
dissector is less than that of 
film by a factor of two or 
aA een Video three thousand. This is a 
moving flim amplifier drawback for direct pick-up 
but is of secondary import- 
ance for motion-picture 
transmission. For the latter purpose, continuously moving film is generally employed 
(Fig. 2). The film motion provides the vertical deflection, so that only the horizontal 
deflection coil need be actuated. Special types of image dissectors, designed specifically 


Dissector 


Fie. 2. Motion Picture Transmission with Image Dissector 
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for the transmission of black and white and of color film, are available. Since the standard 
projection speed for motion pictures is 24 frames per second and the television field 
frequency is 60 per second, the arrangement shown in Fig. 2 is generally modified by 
the insertion of an optical compensation system between the continuously moving film 
and the dissector tube. This causes the motion-picture frames to be scanned two and 
three times in alternation. 

RESOLUTION. Under normal circumstances the aperture size determines the resolu- 
tion of the image dissector. Change of focus with deflection is readily compensated by 
applying the proper correcting signals to the focusing current or the accelerating voltage 
in synchronism with the deflection. Fundamentally, the resolution of this type of tube 
is limited by the unsharpness of focus arising from the initial velocities of the photo- 
electrons. An increase in the number of picture elements demands, hence, either the em- 
ployment of a larger photocathode, leaving the length of the tube unaltered, or a higher 
operating voltage and stronger focusing field. 

SIGNAL-TO-NOISE RATIO. The signal-to-noise ratio of the image dissector is pro- 
portional to the square root of the scene brightness. Hence, for equal signal-to-noise ratio 
in the high lights, the noise will be more prominent in the low lights than for film, though 
less prominent than for most of the remaining pick-up tubes to be considered, for which the 
noise is independent of the light level. It is therefore necessary to demand a higher signal- 
to-noise ratio in the high lights than for film (e.g., 100 in place of 30-40). The fact that 
the noise becomes more noticeable in the low lights is accentuated by the circumstance 
that the signal output of the dissector is strictly proportional to the element brightness, 
i.e., that the tonal scale is not compressed by the pick-up device. 

UNIFORMITY. The image dissector has excellent uniformity properties, both with 
regard to constancy of response over the entire picture and to the absence of geometric 
distortions. 


10. THE ICONOSCOPE 


The iconoscope, the orthicon, and the image orthicon may be classed together as storage 
pick-up tubes. In all of them the charge released photoelectrically from a picture element 
by the incident light is stored in the period intervening between two successive scannings 
of the element. This leads to a very great gain in sensitivity in comparison with non- 

_ storage pick-up systems such as the image dissector. 

Figure 3 shows the construction of a standard iconoscope (type 1850-A) with magnetic 
deflection. It is seen to consist of an electron gun whose beam is deflected across the 
surface of a photosensitive 
“mosaic”? by two pairs of 
external deflecting coils, and 
the mosaic, all enclosed in 
a dipper-shaped envelope. 


Mosaic 


——_— 
An image of the scene to _ Signal Saonass4 iene 
be transmitted is projected plate ped es a 
by a lens through an opti- ~ 


Magnetic deflection 


Z yoke Focusing electrode 
ee (1st anode) 


Oe: Grid 


cally clear face of the enve- 
lope onto the mosaic plate 
whose dimensions are 4 3/4 
X 3 %/16 in? 

A typical gun structure Preampiifier 
consists of an _ indirectly 
heated cathode enclosed in 
a grid cylinder with a 0.040- 
in. aperture, a closely spaced 
cylindrical accelerating elec- a Frc. 3. The Teonoscope 
trode at full anode voltage 
with a defining aperture 0.002 in. in diameter, a focusing Biccode or first anode, and 
the final anode in the form of a platinum coating on the inner wall of the gun tube. 
The defining aperture, which coincides approximately with the cross-over, is imaged by the 
equipotential electron lens formed by the two cylinders at full anode potential and the 
intermediate focusing electrode on the mosaic, forming a spot 0.005 in. or less in diameter; 
this design minimizes the current striking the focusing electrode or first anode and hence 
prevents disturbing secondary emission from the gun. In practice the anode is maintained 
at approximately 1000 volts, the focusing electrode at 300 volts, and the grid bias may be 
varied from —30 to —50 volts. The optimum Iconoscope beam current ranges from 0.05 
to 0.2 microampere, increasing with the illumination of the mosaic. 
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The mosaic is a thin sheet of mica, covered, on the side facing the lens and the electron 
beam, with an array of minute silver globules, small compared with a picture element. 
These have been rendered photosensitive by a process involving oxidation, cesiation, and 
the subsequent evaporation of silver. On the other side the mica sheet is coated with a 

continuous metal film, the signal plate, which 
Z00 is electrically connected to the coupling re- 
sistor and the grid of the first stage of ampli- 
fication. The capacitance between the signal 
plate and the photosensitive mosaic is of the 
order of 1 uf/m?; the total capacitance be- 
tween signal plate and anode coating, 10 uyf. 
The photosensitivity of the mosaic is 4-10 pa/ 
lumen; its spectral response is shown in Fig. 
4. For a mosaic illumination of 10 to 50 lux 
a coupling resistance of 0.1 megohm is recom- 
mended. At very low light levels (and a 
beam current of the order of 0.05 wa) it is 
proper to increase this to 1 megohm. 

Figure 5 shows a smaller Iconoscope (type 
5527), with electrostatic deflection and trans- 
parent signal plate, which is designed pri- 
marily for industrial and amateur use. It 
has a 1.4-in. mosaic and operates with a 
beam voltage of 800 volts.and a first-anode 


Relative response, per cent 


3000 4000 5000 6000 7009 voltage between 125 and 250 volts. The 
Wavelength, angstroms cut-off voltage for the control grid is about 
—75 volts, and the horizontal and vertical 
4. f the T: A 2 v 5 Z 
era eegrpeette ae the Dyn 32e3 deflection voltages are in the neighborhood of 
100 volts. a 


OPERATION. Superficially, the operation of the Iconoscope may be described as 
follows: The mosaic functions as an array of minute photoelectric cells with a common 
anode, whose cathodes are capacitatively coupled to the signal plate. The elementary 
condensers so formed charge up, as the mosaic is exposed to light, by an amount propor- 
tional to the light intensity. Whenever the beam, acting as a commutator, sweeps across 
them, the cathode elements are returned to their equilibrium potential by collecting the 
requisite number of electrons from the beam, and an equal electron current passes through 


Grid 2nd anode Mosaic 


Signal 
1st anode Deflection Signal plate Plate 
plates contact 


Fia. 5. Small Iconoscope with Electrostatic Deflection (Type 5527) 


the signal lead. For an illuminated element on a generally dark mosaic (for which the 
total photocurrent would be very small), the signal current would be given by 


AT 
is = pL nie (an (8) 
employing the following notation: 
p photosensitivity of mosaic. N number of picture elements. 
ZL luminous flux/unit area of mosaic. T frame time. 
A area of mosaic. te time required to sweep over one picture 
element. 


This would represent a gain in sensitivity relative to non-storage devices (without second- 
ary-emission multiplication of the signal) which is equal to the number of picture elements. 

The above representation is greatly oversimplified. Thus, it assumes that a mosaic 
scanned in darkness has a uniform potential. The actual, measured, potential distribution, 
at the moment when the scanning beam is approximately a-third from the top of the 
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mosaic, is as represented in Fig. 6. Figure 7 shows the variation of the potential of a 
particular illuminated and unilluminated element in the course of a frame time. This 
behavior arises in the following manner. Considering the unilluminated mosaic, an element 
directly under the beam emits secondary electrons whose initial kinetic energy varies from 
zero to a few electron volts. The secondary-emission properties of the mosaic are such 
that, on the average, about 4 secondary electrons are emitted for every primary electron 
incident from the beam. These will be able to leave the element only if the field conditions 
in front of it are favorable; as the element becomes, as the result of secondary emission, 
more positive with respect to the anode and the remainder of the mosaic, a larger propor- 
tion of the electrons will return to the element. When the element reaches a potential V1 
of the order of 3 volts positive with respect to the 
anode coating, only one secondary electron will leave 
the element for every incident beam electron and no 
further charging will take place. The beam current 
is chosen large enough to bring the picture element 
to the equilibrium potential V; in every transit. 

Since the mosaic is insulated, on the average only 
one of all the secondary electrons (and photoelectrons) 
which leave the element for every incident beam elec- 
tron arrives at the second anode; the rest are redis- 
tributed over the remainder of the mosaic. This re- 
distribution is influenced by the potential distribution 
over the mosaic (and hence, for an illuminated mosaic, 
also, to some extent, by the light distribution in the 
image) and the geometry of the tube—in particular Bottom of mosaic 
the! location of clear glass surfaces relative to the.’ ™ © # #>~ © ©). 
mosaic. The redistribution quickly reduces the po- Hall Volare Vauation chon Iopact 
tential of the elements immediately behind the beam peomaeM osase Gonnned ti Iba ties 
and more gradually that of the more remote elements. 

When the elements have attained a potential Ve, of the order of —1 1/2 volts, no further 
redistributed electrons reach them. This, thus, represents the equilibrium potential of 
elements not under the beam. 

Consider, next, an illuminated element of the mosaic. Immediately after the beam has 
rendered the element about 3 volts positive with respect to the second anode, no photo- 
electrons are able to reach the second anode; however, an appreciable number may find 
their way to the elements ahead of it which have been under the beam even more recently 
and hence are more positive. Thus the element becomes negative less rapidly than an 
unilluminated element. However, the photoemission is far from saturated, a large propor- 
tion of the photocurrent returning to the element of origin. Although a larger proportion 
of the photocurrent will reach the anode as the element becomes more negative, the condi- 
tion of incomplete saturation generally persists practically up to the succeeding passage 
of the scanning beam, at which point the illuminated element may have a potential V3, a 


fraction of a volt above V2. At low light levels the average photocurrent leaving a small 
illuminated region, with the rest of 


the mosaic in darkness, is approxi- 
mately 20 per cent of the saturated 
photoemission. 

As the beam passes over the illu- 
minated element, it returns it to the 
positive equilibrium potential Vj. 
Unilluminated element For a small illuminated area on a 
Fia. 7. Voltage Variation of an Illuminated and an Un- dar k backgr ound, the signal current 
illuminated Picture Element on the Iconoscope Mosaic is equal to the difference in the frac- 

tion of the secondary-emission cur- 
rent from the element which reaches the anode for the illuminated and for an unillumi- 
nated region. This is simply the current reaching the anode as an unilluminated element 
is raised, under the beam, from the potential V2 to the potential V3 (see Fig. 7). Since 
for both these potentials the secondary emission is, in general, saturated, and the current 
collected by the anode must equal the beam current, only a fourth of the stored charge 
can be utilized for the signal current if the secondary-emission ratio is 4. Thus the total 
operating efficiency at low light levels is of the order of 5 per cent (1/4 of 20 per cent), 
and the signal current is given by 


%, = kpLA k = 0.05 (9) 
It may be noted that the photoelectric efficiency can be improved appreciably by illumi- 
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nating slightly the photosensitive clear glass walls of the tube (backlighting), since this 
raises their potential. 

At high light values the efficiency becomes much less; regardless of the degree of illumi- 
nation, photoemission will drive an illuminated region only positive enough relative to 
its surroundings to prevent the departure of additional photoelectrons. Thus the Icono- 
scope signal is compressed in the high lights. The preferred collection of the redistributed 
electrons by the more positive areas of the mosaic enhances this effect. At very high light 
levels the Iconoscope signal is determined by the photoelectric charge stored during the 
line scan of the beam preceding the scanning of the picture element considered: Since under 
the beam an element becomes positive by 3 volts relative to the second anode, the photo- 
emission of the neighboring element on 
the line ahead of the scanned line is 
saturated even if it is positive by sev- 
eral volts relative to its other neigh- 
bors (“‘line sensitivity’’); an opposing 
voltage of 1-2 volts suffices to suppress 
the photoemission. 

The signal output characteristic of 
the 1850-A Iconoscope is shown in 
Fig. 8. 

SIGNAL-TO-NOISE RATIO. The 
principal source of noise in the conven- 
tional Iconoscope pick-up system is 
the noise introduced by the input tube 
of the signal amplifier, which may be 
represented as thermal noise from an 
equivalent resistor rr added to the re- 
sistive component of the coupling net- 
work between the Iconoscope and the 
amplifier. Since, for coupling resist- 
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Fie. 8. Signal- -Light Ch teristi : i 
eae TET RSOEAN Too nostope: SARE a Ns of the video band (the combined ca- 


pacitance to ground of the signal plate 
and the grid of the input tube may be of the order of 15 pwuf, corresponding to about 
2000 ohms at 5 megacycles), it is necessary to insert a peaking network in the amplifier 
to equalize response at low and high frequencies. This network causes the noise spectrum 
to be concentrated in the high frequencies. For low-noise input tubes and a video band 
of 5 megacycles, the ratio of the signal to the amplitude of the integrated noise may be 
calculated to be 
S = 5-10%, (10) 


i, being measured in amperes. It should be noted that about 2 or 3 times as much of this 
peaked noise can be tolerated by the observer as shot noise (e.g., from a spulviplier) dis- 
tributed uniformly over the spectrum. 

SENSITIVITY. In practice a scene brightness from 6000 to 17,000 lumen/m? is found 
to give satisfactory pictures with an 1850-A Iconoscope used in conjunction with a lens 
of f/5.6 or smaller aperture. The target area of the mosaic is approximately 0.011 m? 
(17 in.?). Employing the lowest values both for the illumination and the f-number, the 
figure of merit used as a measure of the sensitivity becomes 


5.6 
6000-0.011 
This is about 1/5 that for film; the formula for the signal-to-noise ratio yields a value of 
100, in harmony with direct measurements. This is greater than for film by a factor be- 
tween 2 and 3. Such a factor is needed to render the noise unobjectionable in the low 


lights, since the noise does not decrease in proportion with the signal. The fact that the 
signal output of the Iconoscope has less contrast than the original image, i.e., 


= 0.48 (11) 


2, to eed where k = 2— 3 (12) 

a condition which is generally compensated in the viewing tube, leads to a useful reduction 
in the difference between the signal-to-noise ratios for the high lights and the low lights. 
RESOLUTION. The resolution of the Iconoscope, as for the other pick-up tubes here 
considered, may be extended to better than 1000 lines; for the 525-line standard it is 
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customary to peak the high-frequency response electrically so as to keep the response level 
up to 500 lines. 

UNIFORMITY. The description of the operation given above makes it evident that 
the signal output for any picture element is not simply related to its brightness; the re- 
distribution of the secondary and photoelectrons makes it dependent both on the geo- 
metrical position of the element and on the light distribution in the remainder of the 
picture. Hence spurious signals—‘‘shading’’—are introduced and must be compensated 
electrically with the aid of shading controls. They become particularly troublesome when 
large dark areas are present in the scene. 


11. THE MONOSCOPE 


The monoscope is not, strictly speaking, a pick-up tube. It merely serves to supply a 
standard picture signal, whose character is prescribed by the preparation of the target 
electrode. As such it has found 
application primarily in the Deflection 
testing and aligning of the com- 
ponents of a television system 
other than the pick-up tube it- 
self. 

Figure 9 shows the construc- 
tion of a type 2F21 monoscope. 
It consists of an Iconoscope gun 
and a target plate (3 1/1g by 
2 5/1¢ in.), normal to the axis of 
the gun, mounted in a pear- Fra. 9. 
shaped envelope. The target 
plate consists of sheet aluminum on which a pattern has been printed with a carbon ink 
(Fig. 10). The magnetic beam deflection and the circuit connections are the same as for 
an Iconoscope, with the distinction that the anode coating is maintained at a potential 
50-200 volts positive with respect to the target plate. 


Pattern electrode 
The Monoscope 


Fic. 10. Pattern on the Type 2F21 Monoscope 


The operation of the monoscope depends on the much greater secondary emission ratio 
of the slightly oxidized aluminum (~3) as compared with that of carbon (<1). Whenever 
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the beam strikes the aluminum, a signal current approximately twice as great as the beam 
current flows through the signal lead in such a direction as to make the grid of the input 
tube positive; when it strikes the carbon, a small current in the opposite direction tends 
to make it negative. If a monoscope replaces an Iconoscope without changes in the ampli- 
fier, the portions of the pattern printed in carbon ink will appear bright in the final image. 
Dark and light may, of course, be interchanged by adding or subtracting one stage in the 
video amplifier. A peak-to-peak signal amplitude of several microamperes may be ob- 
tained with this tube. 


12. THE ORTHICON 


The primary defects of the Iconoscope, namely, shading and low efficiency of operation, 
both arise from the redistribution of secondary electrons and photoelectrons on the 
mosaic. This, in turn, is a consequence of the fact that the equilibrium potential of the 
mosaic under the beam is close to anode potential, in fact, slightly positive with respect 
to it. If, however, the beam arriving at the mosaic has, initially, a kinetic energy of 10 
electron volts or less, the secondary emission ratio is less than unity and the potential of 
the mosaic will drop to a value slightly below that of the emitting cathode; at this equi- 
librium potential no additional electrons can reach the mosaic. Instead, the beam elec- 
trons reverse their direction at a point close to the mosaic and are collected by some 
electrode at positive potential. Portions of the mosaic which are in complete darkness 
remain continuously at the equilibrium potential and, hence, give rise to no signal current. 
Illuminated areas, on the other hand, lose electrons, between successive scannings, in exact 
proportion to the quantity of light incident on them. The low-velocity beam, as it sweeps 
over such areas, supplies just enough electrons to the mosaic to neutralize the stored charge 
and causes the passage of an equal signal current through the signal lead. In brief, the 
actual operation of such a low-velocity Iconoscope fits perfectly the original, oversimplified 
version given for the operation of the Iconoscope. 

The practical realization of the low-velocity Iconoscope demands fulfilment of two 
conditions: (1) in order that the equilibrium potential (and scanning spot) may be uniform 
over the mosaic, the beam must be perpendicular to the mosaic at all points; (2) to keep 
the effective spot size small, the lateral velocity components of the electrons must be kept 
small. These requirements are met by the special methods of beam deflection and focusing 
incorporated in the orthicon. 

The envelope of a typical orthicon (Fig. 11) is a 4-in.-diameter tube 14 in. long with a 
short neck for the gun at one end and a flat, clear window for the transmission of the 


Defining 
aperture 


¢ Verti Rotator 
Focusing Anode Horizontal NepiesL. electrode 
coil disk deflection coils 

plates 


Fie. 11. Orthicon with Electrostatic Horizontal Deflection 


optical image at the other. It is inserted in a long solenoid providing a uniform longitudinal 
magnetic field of 0.007 weber/m?. The envelope contains, in addition to the gun, a pair 
of curved electrostatic deflection plates which occupy half of the tube nearest the gun, and 
a mosaic with a translucent signal plate having a target area 2 5/1g by 1 3/4 in. The hori- 
zontal deflection is accomplished with the aid of the electrostatic deflection plates; the 
vertical deflection, by a pair of coils mounted over a portion of the second half of the 4-in. 
cylinder. 

The principal peculiarities of the deflection and focusing properties of the orthicon are a 
consequence of the presence of the longitudinal magnetic focusing field. In particular, 
near the mosaic, where the magnetic field lines are perpendicular throughout to the mosaic 
surface, the field assures the normal incidence of the electron beam: In a strong magnetic 
field the electrons spiral about the magnetic field lines. 

Proceeding from one end of the tube to the other, the electrons leaving an indirectly 
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heated cathode through an aperture in the grid cylinder (cut-off voltage, —40 volts) are 
accelerated through an aperture at 225 volts and restricted to a narrow pencil by a defining 
aperture 0.0025 in. in diameter which is electrically connected to the accelerating aperture. 
This pencil, the scanning beam, is focused by the longitudinal field, which is strong enough 
to form a succession of images of the defining aperture less than 2 in. apart. Its current is 
generally of the order of 0.3 microampere, i.e., just enough to discharge the most strongly 
illuminated portions of the mosaic. After passing through another larger aperture in the 
anode disk (at 250 volts), which separates the gun chamber from the deflection chamber, 
the electrons enter the electrostatic deflecting field between flared plates. The simultane- 
ous action of the electrostatic field and the longitudinal magnetic field causes a lateral 
displacement of the beam parallel to the plates and proportional to the deflection voltage 
(160 volts, peak to peak). The flaring, making the increase and decline of the deflecting 
field gradual, prevents the development of cycloidal loops in the crossed fields and, hence, 
the acquisition of considerable lateral velocity components by the beam electrons. 

Next, the beam passes through the magnetic deflecting field (0.0025 weber/m?, peak to 
peak) which simply warps the field lines, so that the beam experiences a second displace- 
ment, in the direction of the deflecting field (not at right angles thereto). After leaving this 
deflecting field the electrons pass through a decelerating ring electrode at 100 volts (desig- 
nated as “rotator electrode,” since the simultaneous action of the lateral components of 
the decelerating field and the longitudinal magnetic field causes a slight rotation of the 
scanning pattern) painted on the envelope to the mosaic, which is inserted in a mask 
maintained 3 volts negative with respect to the cathode. Both the signal plate and the 
photosensitive mosaic are translucent. Although the requirement of translucence reduces 
the photoemission of the mosaic, as compared with that of the Iconoscope, this is more 
than compensated by the greater efficiency of operation. 

SENSITIVITY. It is found in practice that a studio scene with a brightness of 700 
lumens/m?, transmitted with an f/2 lens, will yield a picture with a signal-to-noise ratio 
of 100. The target area being 0.0026 m? (4 in.?), the figure of merit of the orthicon becomes 


92 
700-0.0026 


This is the same as the figure for film and better by a factor of 5 than that for the Icono- 
scope. However, since the orthicon does not compress the brightness scale in the same 
manner as the Iconoscope, but has a strictly linear response throughout, a signal-to-noise 
ratio higher by a factor of 2 or 3 may be required in the transmission of naturally contrasty 
outdoor scenes to attain an equal freedom from noise in the low lights. Hence, under 
such circumstances a more appropriate value for the figure of merit is 1. 

SIGNAL-TO-NOISE RATIO AND RESOLUTION. A signal-to-noise ratio of 100 is 
readily obtained. Attempts to exceed this value by increasing the brightness of the light 
image frequently result in a loss of resolution and a local distortion of the scanning pattern 
at the boundaries between bright and dark areas. 

UNIFORMITY. If the image brightness is kept within the normal operating range the 
signal output yields a faithful representation of the geometry and tonal values of the scene. 
Scene details of excessive brightness (e.g., the explosion of flash bulbs) may, however, 
cause a portion of the scene to be blacked out. At such points the photoemission charges 
the mosaic up to a positive potential at which the secondary-emission ratio of the beam 
electrons exceeds unity, so that the beam renders the illuminated area more positive instead 
of discharging it. After the cause has been removed, normal operating conditions are 
gradually re-established by surface leakage. 


22 (13) 


13. THE IMAGE ORTHICON 


In the image orthicon a very great gain in sensitivity has been combined with the 
freedom from spurious signals at low light levels which is characteristic of the orthicon 
and the stability of operation at high light levels characteristic of the Iconoscope at the 
expense of greater complexity of construction and alignment. The principal features which 
distinguish the image orthicon from the ordinary orthicon are (1) an electron-optical 
imaging section, making possible the employment of a more sensitive, continuous, photo- 
cathode and secondary-emission multiplication at the target; (2) a two-sided target, 
permitting limitation of the target voltage to a value sufficiently low to insure stability 
at all light levels by providing a separate collector on the side opposite to the scanned side; 
and (3) a secondary-emission signal multiplier, for the return beam current, which renders 
the signal output sufficiently large that the shot noise in the beam, rather than amplifier 
noise, determines the noise content in the reproduced picture. 
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Figure 12 shows, schematically, the construction of the type 2P23 image orthicon. The 
tube has approximately the same length, but, with the exception of the short end section, 
a much'smaller diameter than the 1840 orthicon. As with the latter tube, a long focusing 
solenoid must be provided which envelops all the tube except the gun and multiplier 
portion at the right extremity. The light image is projected on the flat transparent photo- 
cathode (maintained at —300 volts) at the left end of the tube, and the photoelectrons 
released by the light are focused by the magnetic field through a very fine-mesh (500-1000 
meshes per inch), high-transmission screen on the target. Since the secondary-emission 
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scanning-beam cathode. 

The target itself is a very thin disk of low-resistivity glass. Its properties are such that 
in the course of a frame time potential differences between the two sides of the target 
built up at the instant of scanning are neutralized by conduction while the transverse 
leakage of stored charge between neighboring picture elements still remains negligible. 

The gun of the image orthicon has the same general construction as that of the orthicon. 
However, the defining aperture is formed in the final disk electrode, which is exposed to 
the return beam. The beam deflection is magnetic throughout, since this causes the return 
beam to travel practically the same path as the scanning beam in reverse direction, striking 
finally the electrode containing the defining aperture. The return beam itself carries the 
signal; when the scanning beam strikes a portion of the target which has been rendered 
positive by secondary emission, electrons equal in number to those lost in the course of a 
frame time by the element under consideration are abstracted from the beam, reducing, 
correspondingly, the current in the return beam. 

The return beam strikes the defining-aperture disk with an energy of the order of 200 
electron volts and ejects from it secondary electrons which, persuaded by the lower 
potential of the electrodes facing it and the higher potential of a second stage of a pin- 
wheel multiplier structure surrounding the gun, spill over into the same emitting a 
larger number of electrons, which are drawn to the next stage. The total gain of the 1500- 
volt five-stage multiplier is from 200 to 500, which is adequate to raise the shot noise level 
in the beam (i,’2-10~* amp) above the amplifier input tube noise current (2-10~% amp, 
both for a 5-megacycle band width). At very low lights the proper value of the beam 
current may, under ideal circumstances, be as low as 10~!° amp, leading to a useful multi- 
plier gain of 200; for a high-light picture a gain of 20 would suffice. 

SIGNAL VERSUS LIGHT CHARACTERISTICS. Figure 13 shows a typical variation 
of the signal output of the image orthicon with the high-light illumination of the photo- 
cathode. The photosensitivity of the 
photocathode is of the order of 10 micro- 
amperes per lumen. 

In the low-light range the image orth- 
icon functions just as the orthicon, the 
signal current being proportional to the 
light signal. At the knee of the curve 
the secondary-emission charges the tar- 
get just to the potential of the target 
screen; beyond this point the response 
curve flattens out, since an increasing 
number of secondary electrons are forced 
to return to the emitting element. As : ; be 
the target becomes sufficiently positive Sa dade rire Characteristic of Type 
to lose only as many electrons by sec- 
ondary emission as it receives from the photocathode, the response curve becomes com- 
pletely flat. This does not mean, however, than no intensity differences are transmitted. 
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Redistribution of secondary electrons near boundaries between areas of different ine 
tensity of bombardment (different brightness) results in potential differences at such 
boundaries. Thus a bright spot on a less bright background is transmitted as a bright 
spot with a dark halo on a bright background. 

SENSITIVITY. It is found that an image orthicon provided with an f/2 lens and 
capable of transmitting a picture with a signal-to-noise ratio of 100 can do so if the scene 
brightness is 20 lumens/m?. Since the target area is approximately 0.0008 m? (1.2 in.?), 
the figure of merit of the image orthicon becomes 
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This is approximately 100 times as great as the figure for film and for the ordinary orthicon 
and over 500 times as great as that for the Iconoscope. A factor of 5 in this gain must be 
attributed to the increased photosensitivity of the photocathode and the secondary- 
emission amplification at the target; the remainder, to the signal multiplication in the 
multiplier. To maintain freedom from objectionable noise in the low lights of high- 
contrast scenes, it may be necessary, just as with the orthicon, to increase the signal by a 
factor of 2 or 3, reducing the figure of merit to unity. It may be noted that the sensitivity 
of the tube is sufficient to transmit pictures with some entertainment value even at a scene 
brightness of 0.2 lumen/m?, corresponding to the brightness of light objects in full moon- 
light. 

RESOLUTION. The resolution of the image orthicon may be limited by the electron- 
optical imaging process, the target screen, transverse leakage on the glass target, and scan- 
ning spot size, the last being influenced by the defining aperture, the angle of approach of 
the beam to the target, the initial velocity distribution of the beam electrons, and the 
potential of the scanned area. In practice it is possible to attain a resolution of 500 lines 
as with the other tubes. 

UNIFORMITY. In the low-light range (the sloping part of the curve in Fig. 13), the 
signal output is a linear function of brightness. For higher light values the tonal scale is 
compressed, and, ultimately, contrasts, rather than absolute light values, are transmitted 
primarily. This condition does not detract materially, however, from the apparent 
naturalness of most reproduced pictures. Geometric distortions are inappreciable, al- 
though slight non-uniformities in the target and the presence of the target screen tend to 
make the picture somewhat inferior.to that transmitted by the other pick-up tubes de- 
scribed. 


14. FIELDS OF APPLICATION OF PICK-UP TUBES 


The characteristics of the several pick-up tubes here discussed mark out spheres of 
application for which each is particularly suitable. Thus, the relatively insensitive image 
dissector, with its freedom from signal distortion, may be employed for the transmission 
of motion pictures, for which very high light levels can readily be provided. The standard 
Iconoscope is well suited for both movie and studio work, where the light distribution can 
be controlled so as to simplify the compensation of shading. Its smaller, 2-in. version is a 
convenient television pick-up device for industrial and experimental purposes. Spot pick- 
up, with the attendant unpredictable conditions of lighting, demands the employment of 
the image orthicon which, in view of its greater complexity and somewhat inferior picture 
quality, may under other circumstances be replaced advantageously by the less sensitive 
tubes. It is to be hoped and expected that further development of the image orthicon, as 
the most recent of the pick-up devices, will raise the level of its picture quality to that of 
the older pick-up tubes. 


LUMINESCENT AND TENEBRESCENT MATERIALS 


By H. W. Leverenz 


Luminescence is a production of light in excess of thermal radiation (see ref. 5 on p. 15-41). 
Thermal radiation is emitted by electrons, atoms, ions, and molecules oscillating or 
rotating singly or in groups as occasioned. by thermal agitation. 

An ideal thermal radiator is the perfect black body, which has complete absorptivity at 
all wavelengths; i.e., it has oscillators available at all frequencies. The monochromatic 
emissive power, Hy, of a perfect black body (in vacuum) at frequency » (in sec™}), is a 
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function of temperature, 7 (in degrees Kelvin), according to Planck’s radiation law: 
E, = 4.63 X 1075%p3(etv/kKT — 1) watts/m? (1) 


where h = 6.624 X 10~*4 joule-sec (Planck’s constant). 
€ = 2.71828--- (base of Napierian logarithms). 
k = 1.38 X 107%, joule/deg (Boltzmann’s constant). 


The peak wavelength, \max, of the broad emission band of black-body radiation varies 
with absolute temperature according to Wien’s displacement law: 


Amax = 2.897 X 1077-1 m (1 m = 10° microns (uw) = 101° angstrom units (A)) (2) 


The total emissive power, E,, of a black body is proportional to the fourth power of the 
absolute temperature according to the Stefan-Boltzmann law: 

E, = 5.67 X 10-874 watts/m? (3) 
At room temperature, ~300 deg Kelvin, \max is in the far infrared at 9.7 microns, and HE, 
is only 459 watts/m?. It should be noted that the nature of the material plays no role 
in eqs. (1), (2), and (3). Although thermal radiation is emitted by all materials at tem- 
peratures greater than 0 deg Kelvin 
such radiation does not become visible 
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Luminescence is occasioned by ab- 

sorbed photons, so-called undulatory 

Suson sees energy (e.g., ultraviolet, x-rays, y- 

PHOSPHORS rays), or corpuscular energy (e.g., 

cathode rays or a-particles) which ex- 

cite electronic transitions directly 

rather than through the intermediate 

stage of thermal agitation of atoms 

and ions: Luminescence emission is 

usually in the form of spectral lines or 

narrow bands superimposed on the 

broad band of thermal radiation from 

pen en Casi Lane ts ; a material. The spectral distributions 

and efficiencies of luminescent mate- 

rials are determined largely by their 

e200 es scod Iiaracod/ as = @000 F000 A® chemical compositions and, if the ma- 

Fie. 1. Excitation and Emission Spectra of Some terials are solids, by their crystalline 

My picalP hose Nore structures. The characteristic mono- 

chromatic spectra of attenuated gases 

are relatively simple luminescences whose efficiencies may approach 100 per cent for the 

case of resonance radiation (Aexcitation = emission). In liquids and solids, however, the 

perturbations imposed by near neighbors of a luminescing atom or ion complicate the 
mechanism and generally lower the efficiency of luminescence. 

The generic term luminescence is commonly modified by a prefix indicative of the 
excitant used to cause luminescence. For example, photoluminescence is luminescence 
excited by photons, and cathodoluminescence is luminescence excited by cathode rays. A 
further distinction is made with respect to duration of luminescence after cessation of 
excitation; i.e., fluorescence lasts less than about 1078 second whereas phosphorescence lasts 
longer than about 1078 second. The value of 1078 second is the approximate lifetime of 
excited non-metastable isolated atoms or ions and serves as an arbitrary demarkation 
between fluorescence and phosphorescence. Materials, such as gases, liquids, organic 
materials, and many glasses which exhibit fluorescence are called fluors; while phosphores- 
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Fig. 2. Photoluminescences of Some Phosphors as a Function of Temperature 


cent materials, which are chiefly crystalline inorganic materials, are called phosphors. 
Some typical excitation and emission spectra of phosphors are shown in Fig. 1; several 
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temperature-dependence curves of 
phosphor photoluminescences are 
shown in Fig. 2, and some typical 
excitation and decay characteris- 
tics of phosphors are indicated in 
Fig. 3. 

Phosphor light outputs may be 
modulated by three methods: 

1. Positive modulation of lumines- 
cence is the normal increase of light 
output with increasing excitation 
density at temperatures below the 
fairly critical temperature, 7’, above 
which the efficiency of luminescence 
sharply decreases. 

2. Negative modulation of lumi- 
nescence is accomplished by increas- 
ing the temperature of an excited 
phosphor above 7, and thereby de- 
creasing the luminescence. 

3. Positive modulation of incan- 
descence is accomplished by further 
raising the temperature of the phos- 
phor until incandescence supplants 
luminescence.. 
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The last two methods of modulation involve thermal inertia of matter as contrasted 
with the purely electronic transitions in positive modulation of luminescence. Positive 
modulation of luminescence is unique in allowing useful modulation up to frequencies of 
the order of 107 cycles per second, the limit for any particular phosphor being inversely 
proportional to its characteristic decay time (the time taken to decay to an arbitrary 
percentage, e.g., 1 per cent, of the luminescence at the last instant of excitation). 

Tenebrescence is any non-intrinsic absorption of light induced in a material. For 
example, normally colorless potassium chloride, KCl, whose intrinsic absorption is in the 
far ultraviolet (left side of Fig. 4), may 
have an absorption band induced in the 
visible part of the spectrum by irradia- 
tion with cathode rays or x-rays (see 
right side of Fig. 4). The induced dark- 
ening (tenebrescence) may be bleached 
by irradiating the darkened material 
with light having wavelengths lying 
within the induced absorption band. 
The bleaching is accelerated by heat. 
Tenebrescent materials become increas- 
ingly difficult to bleach as the duration and intensity of the primary irradiations used to 
induce tenebrescence are increased. The relatively unbleachable absorptions are similar 
to those of pigments or dyes which convert absorbed photons into heat. Bleachable 
tenebrescences are ascribed to temporary trapping of electrons; unbleachable tenebres- 
cences apparently involve concomitant ionic displacements. 

Tenebrescent materials, such as the crystalline halides of alkali or alkaline-earth metals, 
are called scotophors. 
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15. PREPARATION AND NOTATION OF PHOSPHORS 


Successful preparations of synthetic phosphors require highly specialized chemical and 
physical operations wherein even the most skilled and careful workers sometimes have 
difficulty in reproducing results. Phosphor ingredients must be purified to contaia less 


RELATIVE VISIBLE 
CURVE PHOSPHOR EFFICIENCY COLOR 
1 | a-ZnzgSiOg:Mn(STD) 100 GREEN (5230 &) 


Ar 2 | B-ZngSiO4:Mn 80 YELLOW (5630 A) 


80 
> 
rC) 
wo 
z 60 
uw 
Ww 
= 
q 
ij 40 
a 
20 
B-Zn2SiOg @-2n2Si0g 
(3150 &) (4150 A) 
oL= Ss Seeman 
3000 4000 5000 6000 7000’ 
ULTRAVIOLET VIOLET RED 
WAVELENGTH -ANGSTROMS 


Fia. 5. Cathodoluminescence Spectra of a- and 6-Zn2SiO4:Mn with and without Manganese Activator 


than about 10~ per cent of undesirable metallic-ion impurities (e.g., iron, nickel, and 
chromium), since as little as 10~4 per cent of combined nickel in a zinc-cadmium-sulfide 
phosphor lowers efficiency about 25 per cent. On the other hand, 10~ per cent of com- 
bined silver in the foregoing pure phosphor increases efficiency 100 per cent. The final 
crucial step in preparing phosphors is crystallization, where the purified ingredients are 
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Fic. 6. Cathodoluminescence Emission Spectra of Some Silver-activated Zinc-cadmium-sulfide 
Phosphors. Upper curves are the relative visual response characteristics of Nos. 1, 4, and 6. 


mixed in fused-silica or platinum crucibles and heated in electric resistance furnaces, 
generally to temperatures be- 


tween 600 and 1600 deg cent. Violet Blue Green Yellow Orange Red 


The resultant phosphors are Curve |Phosphor] Emission color 
masses of tiny crystals ranging 400 Light-blue 
from less than 0.01 to about 100 Green 


Blue 


microns in diameter. Most phos- Blusersa 


phor crystals average about 1 to 
15 microns in diameter. Some 390 
typical initial compositions and 


corresponding notations of the 8 : 
resultant phosphors are given in & at 
Table 1. & 300 & 
. . . at 3| 

The luminescence emission + E| 
spectra of phosphors are strongly “ SI 
| 

\ 


influenced by changes in crystal- 
lization and composition, as 
shown in Figs. 5, 6, and 7. Phos- 100 
phors such as P3, P4(Y), and 

P7/2 belong to ‘‘families’’ 

wherein gradual base-material 

variations enable one to produce 4900 4500 
emission spectra which may be 
varied continuously from one end 
of the visible spectrum to the 


= —S 
5000 5500 6000 6500 
Wavelength, angstrom units 


Fig. 7. Cathodoluminescence Emission Spectra of Zinc-sul- 
fide Phosphors Prepared with (1) no added activator, (2) copper 


other. Other properties. such as . activator, (3) silver activator, and (4) gold activator 
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absorption spectrum, efficiency, and phosphorescence, are also considerably affected by 
changes in the structures and compositions of phosphors. 


Table 1. Approximate Compositions and Notations of Some Useful Phosphors 


Crystal- 
Base Material ¢ lization 
RMA Ingredients, Activator Flux, Temper- Phosphor Notation 
Code REMI Salt, grams grams ACD, 
deg cent 
Pile... | Sle ZnOL- ES SiOor ac OSS NEnOR es eracenicteeniaie 1250 a-Zn2Si04: Mn 
P2 LOOWZaS spear eeeeate 0.02 CuCl, + | 6 NaCl 1250 B *-ZnS:Ag t:Cu 
0.04 AgCl + 
(P73 Cy ANOS PAS 1xK0P Se WO VIGO) NS conconcs 1250 8ZnO -BeO-58i02:Mn 
P4(Y) 31 SiO» 
P4(B) lOO aSS esse secs 0.002 to 0.02 2 NaCl 950 a *-ZnS:Ag 
P6(B) AgCl 
Pll 
P4(Y) | 48 ZnS + 52 CdS..... 0.02 AgCl 2 NaCl 950 ZnS (48) -CdS:Ag 
1225} 57a a@i-l2 32. WO 3 soul's ee ererta tele lores coerce 1000 CaW0O,4:[W] 
P6(G) | 60 ZnS + 40 CdS..... 0.02 AgCl 2 NaCl 950 ZnS (60) -CdS:Ag 
P6(R) | 38 ZnS + 62 CdS..... 0.02 AgCl 2 NaCl 950 ZnS (38) -CdS: Ag 
P7/1 OOUZmS age eee 0.02 AgCl 4 NaCl + 1250 B*-ZnS:Ag 
P14/1 2 BaCle 
P7/2 86 ZnS + 14CdS..... 0.02 CuCle 2 NaCl 1250 Zn8(86) -CdS:Cu 
eZ NOSPZnk)y emt arenyer tea (OMIM GUO” Reve obeods 1000 ZnF9:Mn 
P14/2 | 75 ZnS + 25 CdS..... 0.01 CuCl 2 NaCl 1200 Zn8(75) -CdS:Cu 
PTs LOOMZnO eee eee ees (Heat in CO or He at ZnO: [Zn] 
1000° C) 
paeecistye 100 SrS (or SrS + 0.03 SmCl3 (or | 6 (CaF + 1000 SrS:SrSe:Sm (Tb) : Eu(Ce) 
SrSe) TbCls) + SrSO3) 
0.03 
Eue2(SO4)3 
(or CeCls) 


a * = cubic; 6B * = hexagonal. 
+ = optional. (B) = blue, (G) = green, (Y) = yellow, (R) = red. The Ag and Cu activator 
ions may also be added as nitrates. 
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Energy transductions during excitation and emission of phosphor luminescences have 
the following chronological sequence: 


Eprimary = @Hreftected + bE absorbea + cHescaped (4) 
bEapsorbed = iE transmitted to activator centers + (b — bi) Eheat (5) 
bi Hin activator centers = b2¥storea + (br > be) Hinternal fluorescence (6) 
beE stored = b3Kinternal phosphorescence a ay = bs) Eneat (7). 


(by == be) E internal fluorescence + b3E internal phosphorescence = 
bsEexternal luminescence + (d1 + b3 — be — bs) Eneat (8) 


wherrea +b+c=1;1>6 > bh > bo > bs > ba; and Eescapea is the residual primary 
energy which completely penetrates the phosphor crystals or which emerges from the 
side of incidence owing to internal scattering. 

Luminescence emission is occasioned when a bound electron in energy state Zp is excited 
to a higher allowed energy state, Hex, and returns to the same or an intermediate energy 
level, Hact, emitting the energy difference, AH = Eex — Eact, as a photon of light. The 
relations between energy AZ (in joules), frequency v (in cycles per second), and wave- 
length \ (in meters), of photons are given by: 


AE = hy = — (9). 


where c = 3 X 108 m/sec (speed of light in vacuum). 

Some of the features of corpuscular excitation of phosphors, such as by cathode rays,. 
may be exemplified with the aid of Fig. 8, which shows generalized sketches of the interiors 
of phosphor crystals, including three major classes of crystal irregularities (faults). The 
total penetration, 2;, of 10° to 10° volt cathode rays in a phosphor of density o (in grams: 
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per cubic centimeter) is calculable from Terrill’s equation: 


Ve 


= 4X 10% (Vo in volts) 


Xt em (10) 


The fraction W/Wo, representing the power dissipated up to distance x in the crystal, is 
given by Stinchfield’s equation: 


1 
7 1-1(1-2)"e- 
Xt 


Wo 
where y ~ 1 for x/x; < 0.5 (y increasingly exceeds unity for x/z; > 0.5), and C’ = 32. 
Over 50 per cent of the cathode-ray power is dissipated in the first quarter of the total 
penetration distance, and over 80 per cent is dissipated in the first half of the total pene- 
tration distance. 

A few phosphors, such as ZnO:[Zn], may be excited by cathode rays with energies as 
low as 5 volts, but such low-voltage excitation is quite inefficient because the excitation 
energy is expended in the distorted 
surface layers of the phosphor crys- 


Cla / Zt 


(1+ d—a/2) 44 (11) 


tals and the ratio of secondary to [= 

primary electrons is usually less eV ev! Charged-particle 

than unity at such low primary \ excitation 

voltages. Conventional, unmetal- ~ 

lized cathode-ray-tube screens must  ©Y%o No] BS substitutional impurity 
have secondary-emission ratios equal 5 ‘ rey 
to or greater than unity to main- # hp hp 

tain a positive potential with re- 3 : 


spect to the cathode. The efficient 
range of primary voltages is above 
about 1000 volts, and preferably 
above 10,000 volts for phosphors 
whose limiting potentials (voltage 
above which the secondary-emission 
ratio falls below unity) are above 
10,000 volts or phosphor screens 
which may be coated with an elec- 
tron-pervious reflecting and conduct- 
ing coating, such as a 1000-A-thick 
layer of aluminum. 

As indicated in Fig. 8, the initial 
energy, eVo, of the primary particle 
is expended bitwise and indiscrimi- 
nately to the crystal atoms and ions. 


Pri. 


ke 
eVo=e (hv) + (heat developed) + (escape energy) 


= —Av: (heat dev.) 


® 35 eV/quantum emitted 
a Av: 


Photon excitation 


Pri. photon 
e ro 
o 
eect = 
i 
' 


aioe oar energy emitted++ (heat dev.) 
>t : heat developed 
escape energy + heat dev, h(vev,) 


Fic. 8. Schema of Luminescence as Occasioned by Bit- 
wise Absorption of Primary Cathode-ray Energy and by a 
Single Absorption of a Primary Photon 


The sizes of the absorbed energy 

bits average about 20 to 30 electron volts, as determined by the characteristic frequencies 
of bound electrons in the crystal (1 electron volt = 1.6 K 107!* joule = 1.6 X 107” erg). 
The average absorbed energy bits are relatively independent of the nature of the inorganic 
material and the initial energy of the primary particie. A high degree of crystallinity is 
essential for efficient cathodoluminescence, since the indiscriminately absorbed energy 
bits must be transmitted to the sparse population of activator (phosphorogen) centers 
with the minimum of attenuation. Glassy structure, crystal faults, and undesirable 
impurities lower luminescence efficiency by converting absorbed primary energy into heat 
as indicated in eqs. (5) and (7). The efficiency loss (as heat) in eq. (8) is occasioned by 
the absorptivity of the phosphor crystal for its own luminescence. The more efficient 
cathodoluminescent materials require an average of over 30 electron volts of primary 
cathode-ray energy per 1.5 to 3 electron volt quantum of emitted luminescence. Hence, 
the efficiency of cathodoluminescent materials has thus far been -less than about 10 per 
cent. 

In photon excitation of phosphors, the primary photon, hyo, seeks out a spot in the crystal 
to expend itself completely, not bitwise. The absorption of a primary beam, containing 
m photons per unit cross-sectional area, is a function of penetration distance, x, into the 
phosphor, according to: n = men74# (12) 


where the absorption coefficient A is strongly dependent on the frequency of the primary 
photon and the characteristic allowed frequencies in the phosphor crystal. The char- 
acteristic frequencies of bound electrons in the base materials comprising the bulk of 
phosphor crystals lie in the far ultraviolet (v > 15 X 10 cycles per second, \ < 2000 A). 
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Excitation of phosphors by near-ultraviolet photons results in direct excitation of the 
foreign activator centers, and there is no need for a high degree of crystallinity. Good 
photoluminescence, but inefficient cathodoluminescence, is obtained from amorphous 
materials such as organic dyes, inorganic glasses, and certain inorganic crystals such as 
the alkaline-earth-sulfide phosphors which contain some glassy structure caused by the 
residual non-volatile fluxes used in their preparation. 

Photoluminescence efficiency is limited both by impurities and crystal faults, which 
convert primary photons and internal luminescence photons into heat according to eqs. 
(5), (7), and (8), and by the energy deficit, AZ: 


AE = h(yprimary — Vemittea) > Heat (18) 


Efficient phosphors, excited by near-ultraviolet photons, have photoluminescence efficien- 
cies of the order of 60 to 80 per cent, with quantum efficiencies near unity. At very high 
energies of primary photons (or particles) the production of secondary radiations intro- 
duces added complications in the mechanisms of excitation of phosphors. 

There are two major types of lwminescence-active centers in phosphor cyrstals: 

Substitutionally located activators are exemplified by manganese which replaces zinc, 
especially in phosphor crystals where oxygen or fluorine dominate the anion structure (e.g., 
zine silicate, and zine fluoride). These phosphors afford predominantly simple initial 
exponential (e~%*) decays of light output, L, after excitation to a peak luminance, Lo, accord- 
ae L = ye-*t (tin seconds) (14) 
where the constant a has known values ranging from 10° for ZnO:[Zn] to 10 for 
(Zn:Mg)F2:Mn. Exponential decays are determined largely by the chemical composition 
of the phosphor, being relatively unaffected by changes in crystal structure, in tempera- 
ture, or in the type, duration, or intensity of excitation. ‘The luminescence action is 
apparently localized in the substitutionally located activator sites as a metastable-state 
monomolecular process, without necessitating electron transport outside the immediate 
sphere of influence of the substitutional activator center. The observed weak photo- 
conductivities of some €~*-decay phosphors are probably associated with their later-stage 
low-intensity power-law-decay ‘‘tails’’ which are strongly affected by changes in crystal 
structure, temperature, and excitation. 

Interstitially located activators are exemplified by copper or silver interspersed among 
the regular lattice units in phosphors where sulfur and/or selenium dominate the anion 
structure. These phosphors afford so-called power-law (t~”) decays represented by 


The ie (Zy (15) 


where both 6} and 7 are not true constants but vary with changes in Lp, t, crystal structure, 
or temperature, and with the type and duration of excitation. For practical purposes, 
0 <b < 107-8 and 0.2 <n <3 for known phosphors. There is a definite correspondence 
between the strong photoconductivities and phosphorescences of most t~*-decay phos- 
phors, indicating electron transport between the remote centers of trapping and emission. 
In these cases, monomolecular activated release followed by bi- or polymolecular mech- 
anisms afford the complex t~” decays. 

The optimum activator concentrations and maximum allowable impurity concentra- 
tions in €~*'-decay phosphors are about a hundredfold greater than those in t~”-decay 
phosphors. Since the cube root of 100 is about 5, this means that interstitially located 
impurities are affected by other impurities five times as remote, as in the case of substitu- 
tionally located impurities. Substitutionally located impurities are in regions of lower 
potential energy and are better buffered by close coupling with the lattice forces. 

The optimum number of active luminescence centers and/or electron traps is about 1017 
per cubic centimeter in t~"-decay phosphors and about 10! per cubic centimeter in ¢7@4- 
decay phosphors. From these data, and data on the penetrations and power densities of 
common excitants, it is possible to calculate the maximum phosphorescences of phosphors 
with given decays. 


17. MECHANISMS OF SCOTOPHORS 


Figure 9 shows a schematic section of a crystal of potassium chloride, KCl, indicating 
several omission defects and an interstitial defect. The fraction f of omission defects is a 
function of equilibrium temperature 7 (degrees Kelvin) according to 


f = Ae- Wo/kT (16) 
where, for KCl, A ~ 104 and Wo = 1.6 X 107! joule. At temperatures near the melting 
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point of KCl (1074 deg Kelvin), f becomes about 0.2, and many of the omission defects 
are frozen-in when KCl is evaporated and condensed, as in making P10 screens. There- 
fore, a large number of the 3.2 X 10” lattice sites per cubic centimeter in P10-screen 
crystals are empty, and half of these omission defects are absent chlorine ions (Cl~) whose 
vacant positions may be occupied by electrons to form scotophor color centers (so-called 
F-centers) as indicated in Fig. 9. The visible absorption band of tenebrescent KCl (Fig. 4) 
corresponds to absorption of light by F-centers, i.e., ejection of the trapped electrons. 
The maximum concentration of /’-centers in KCl screens is about 10!8 F-centers per cubic 
centimeter. 
Tenebrescence is quantitatively expressed as contrast, C, defined by 
100(Lo — La) 


¢ = ——— (in per cent) (17) 
Lo 


where Ly and La are the luminances of the undarkened and darkened areas, respectively, 


when observed under light having wave- ie ui I as 

lengths within the induced absorption band of O Or O Oyr or @ 3s 

the scotophor. = e SS I tr 5 
The decay of tenebrescence, i.e., the bleach- O oF O or © (0 O © Ook 


ing of induced darkening, is a power-law rela- of ot Oy. ot @; Ot OrO- 


tion of the general type f 
C = Ce-" fa@ |} O;otOcow) Ore oF 

where Co is the tenebrescence (contrast) at O+C) Ot Oy Ot (Oe Or On 
time t = 0 and n decreases from about 1.5 to x | hill L. e 
less than 0.1 with decreasing temperature or O ou®) oO jorO ot O o* 
intensity of illumination and with increasing 
degree of tenebrescence. The useful decay Fre. 9. Schematic Section of a Crystal of Po- 
intervals (time between successive excita- tassium Chloride (KCl), showing the formation 
tions) of the best known scotophor, KCl, Of an) Hr cemter: nie ake pa Beale 
range between 1 and 60 seconds at tempera- ; 
tures near 40 deg cent and illuminations of the order of 10,000 foot-candles of light from 
incandescent lamps. 

The sensitivity of cathodotenebrescent KCl is about 1/109 that of efficient cathodo- 
luminescent phosphors; i.e., perceptible tenebrescence requires about 100 times as much 
cathode-ray excitation energy as is required to produce perceptible luminescence. 


CR-beam electron. 


18. SPECIFIC CHARACTERISTICS OF USEFUL PHOSPHORS 
AND SCOTOPHORS 


Phosphors and scotophors may be considered as high-frequency transformers which can 
transform a megavolt-wide range of invisible photon or particle energies into emission or 
absorption of light in or near the 1.5-volt-wide visible region of the electromagnetic spec- 
trum. The output frequencies of these materials are in the range from about 4 X 1014 
to 8 X 1014 cycles per second (red to violet). 

The chief commercial uses of phosphors are in electron discharge devices, such as fluores- 
cent lamps and cathode-ray tubes for radar or television. Fluorescent lamps contain 
mercury vapor at a pressure of about 4 u, which, under electron excitation, emits invis- 
ible 2537 A radiation which, in turn, excites visible luminescence in an internal phosphor 
coating. White-emitting coatings for fluorescent lamps are made by mechanically mixing 
blue-emitting magnesium tungstate and yellow-emitting manganese-activated zinc- 
beryllium-silicate phosphors which afford quantum efficiencies of the order of 90 per cent 
and overall efficiencies four times as great as most incandescent lamps. 

Cathode-ray-tube screens comprise a much greater range and variety of materials than 
those used in fluorescent lamps. Table 2 shows some approximate general properties of the 
more useful cathode-ray-tube screens, including all those presently coded by the Radio Man- 
ufacturers Association (RMA). Thescreens are arranged in the order of their approximate 
persistences after excitatiun by 6-kv cathode rays at about 1 microampere per square 
centimeter. The dark-trace screen at the right of Table 2 exhibits decelerated decay as 
the excitation density is increased; the sulfide-type bright-trace phosphor screens exhibit 
accelerated decays with increasing degree of excitation. By observing a tenebrescent 
image at some time after excitation, it is possible to obtain greater relative contrast between 
image traces thin during the excitation interval. Conversely, the normal bright-trace 
screens may be used as contrast or ratio compressors. 


ELECTRO-OPTICAL DEVICES 


15-38 


438M /dd 9 


SOTHIS | IOAO SOAIS YUOUOd 
LYO | -wep yuermo ysty |-woo Molex “g Zuo /en ¢ 
TOF ,PQVYeI | 98 sSset soyeinzes | 10J 41¥d ur poyny 4nd4no As.10ua 9Aoqe pur 
PI°,, 94L | }ueucduioo MoT[OX | -ysqns eq Avur og 1¥30} Qsoustyy Aousoyge MoT | AY p Mopeq SUSTOUS Wa aac: ae ee SYIBVUWIOY 
(1oJoo = gg “4M 
SIEpBI UBOS pute ‘qd = ¢d) oas7/W Qf ‘OF 6 oF 09 oF 006 
-pidvi pue UOISTA “UOISTAIIO} IO[OO 0} SqudIsUBIY 0} syUaISUBIY 0} SquoIsuBdy 
[qd s¥ oweg sedooso][iosc—, -9]e} uolqosforg Jo sumoIyooUuN py jo Aydeis0j,04g jo Aydeisojoyg jo AydviZ0j04q Bist ees ear ce esn Jory 
201-02 201-02 e0l-0¢ 701-09 701-09 901-09 KUL) ee 908/SuBOS Jo amuny 
OTUOIYOOTHT oMMOI{09T AT OTUO14D9T HT dIU01QO9IGT oTmo01200[ GT oMOIOOT OTUO190 915] same |e en WISIUBYOO AL 
(a) $00°0 
(A) (@) pus (‘xoidde) 
90°0 S00 ae a 0 (A) 100°0 $00°0 o—01 9-01 (098) %| 07 ew} Avoag 
qo yn? yo? ut ut ut qo? (8) 30? i. & UO} Avoaq 
usel08 LYO usel0s LYO usel0s LYO usel08 LYO usel0s LYO u0e108s LYO USOIO SH TT On ela eae a0IN0s FYSVT 
Zl 02 91 0¢ v1 Saal (a ; 77" **8910q UIE, 
~Ty][tUa joes . suryeisdg 
or—Ol o1—Ol or—Ol o1—Ol 1-01 o1—Ol Orn Ole ape ali ea 99814 O[QISTA 
Toy ,WO/quiojnod “ur 
6'z ¢ 2 Sp 1'z Z°0 Quite mull (Sarercteseartetenee ,w0/er! | 
‘AX 9 99¥M /soppueo, 
1:02 1:07 1:0€ 1-0¢ 1:02 1:02 [S02 5 Res ci ae ek See ySBiyUOD) 
MOTTO A ueely OUT A OUI AA ang oni ayM-wootE) foresee eee O}OD 
La La La La La La La 9081}-YIVp IO -4YsIUIGg 
TI: IO Seg kuz 8V:S(PO'uzZ) 
UN TO"gegsuz | up: FOIgtuz-v + BV:Suz + 3V:9uz BV:SUZ-% ? [M}:FO.M2%O VARY A tem PP to scroce:.: [81199 
€d Id td 9d ‘bd lid Sd £9 Us eee me ad aaa ON VN 


TOISTA JO COUD4SISIOg OY} UBYL, 49M0YY SOTPIAIUOJOY YALA sudeI0g 


SU99IIG 9qn}-ABI-epoyjiED auIOS 10; BBQ ayBUlIxolddy °gZ a[quy 


ABoap SUOT 
Ajnpun pue 4se1yu0o 
MOT yng ‘es eu YYSIG 


u9aJ0s 
epBoseo IdA¥B]-OM 


uaa10s 
apvosVo IOAVI-OM J, 


ipllca ene? Heat Ze] 
pepesiedns Ajesiv'T 


*MOTTEA = (X) ‘ontq = (q) ‘Jeuosexey = 4g forqno = % 2 
uorye1ado Allee 
sulmp eyqejsun 0} 8ATZETAI 9TqGe4s 
pues Ajddv 0} 4ynowig | 3nq ‘oueroyye TNO G GOS O30 aoe wis aa “**" syIvuray 


908/UBdS 
Z'0 ULYY SSoT ‘SIVpeI 
UBOS-MO[S IO} sose 


sodooso][I0so 90Ue4sIsiod-su0T 


(suevos Jgd AT[® 
-loedsq) ‘oes/uBos 
| ey} IaMoys 


(o0s/ueos | =) 


(1eMo1d) sadoos 
-O][]19sO 10} sueeI0S 


(2es/suBos 9 | -p) 


SIVPVI [OIZUOD 


SPECIFIC CHARACTERISTICS OF USEFUL PHOSPHORS 15-39 


-wWI poeyooefoid oexs1e7T | Sutyeiedo sivpel JSOP] | SILpVI 2H pue opseq 90ua4sIsied-suo0'T SIVpI [O1}U09-91T SOllf: LOfsOSOGOAGT |p ke pkelennciteoeatseel Raa aTy yorq9 
s-10°0 SO 95520 of ol-l 0¢-€ 0€-01 "75" +5 "998/SUBOS JO odULIT 
orMOo!l pu dTUOIDETH oTU01409[q OTUO1499 [A] OTUOI499/T oIU0109 [AT 910.1499 [77 : ree ce es 
$ € ! £°0 4°0 LO), seem ceececeaanata : * (xoidd) 
(998) “ 0} out} Avood 
ul u u? A u} yo? 199? — qv? ae ee UT OTeAGIO GF 
sdury] [VULE XA uael0s LUO usel0s TYO uselos TYO use10s TYO UGEIO ergy  |IBEoom doe aig S ad.INOS 4YSVT 
0008 CE) €0°0 (,Z) €00°0 GS°0) 1°0 (70) Z°0 =1)7 eS boat **syrequrey 
0 “YI (AY 9) suryvsodg 
101 6_0l 601 o1—Ol o1—@1 620 an ae 2 9081} aIqI 
-SIA IOJ De UITAL 
aeeiaua she Sretteiets See $7 1'Z ¥ Z Cor 2 = ara ro aa “,uO /en | 
‘AT 9 pleees 
1:Z'1 1:07 1:07 1:02 1:07 LeOC%, @ Tolerate saa 77> = SaseI9@og 
aqIyM UO ByUNBVBI MOTIOL-9414 MM OZuUvIO-9IIY MA ueelry asueIO pow wiaiote, eee "+555 J0109 
La La La La La La “**90€¥14-YIvp JO -qqsIg 
NO:SPO 98) SUZ NO:SPO(GL)SUZ 
IOM uo BY:SUZ-» g uo dY:guz-, J (8Y¥)NO:9uUz-» J UN: 2 7 (SIA UZ) UW: 2401S: O38 SOD GDS OS SEOUG  incii yy 
Old Ld bd zd Zid eld ee ee “ON VAY 


UOISIA JO 9dU9}SISIOg OY} WLU, 4aFU0T sarqztarquojay ‘suseiog , AIOWIOP,,, 


penunu0j—su9e19g aqnj}-Avl-apoyjeD eul0g 10} BjBq a}ewIxolddy ‘yg oqQuy 


15-40 ELECTRO-OPTICAL DEVICES 


Representative spectral distribution curves of the major cathode-ray-tube screens are 
shown in Fig. 10. The numbers near the peaks of the emission bands of individual phos- 
phors are the heights of the bands relative to the peak of the cathodoluminescence band 
of a-ZnSiOg:Mn (P1) which is arbitrarily set equal to 100. The visible cathodolumines- 
cence efficiency of conventional P1 screens is about 3 candles per watt at 6 kv and 1 micro- 
ampere per square centimeter. The spectral distribution curves of the white-emitting 
P4 (monochrome-television) and P6 (color-television) screens may vary considerably 
among different manufacturers, since there are many possible ways of producing equiva- 
lent-appearing white colors. The optimum white is yet to be decided by popular approval, 
although P4 screens are presently standardized at a color temperature of about 6500-7000 
deg Kelvin. The P4 screen is usually a two-component mixture of blue-emitting and 
yellow-emitting phosphors [all-sulfide(selenide) or sulfide(selenide)-silicate]; the P6 
screen is usually a three-component 
mixture of blue-, green-, and red-emit- 
ting sulfide- (selenide) phosphors. 

The optimum screen thicknesses for 
cathode-ray tubes vary from about 1 
mg/cm? for phosphors having average 
particle sizes less than 1 micron, to 22 
mg/cm? for cascade-screen (P7 and 
4000 5000 6000 7000, +©2P14) phosphors having average parti- 
cle sizes near 15 microns. The evapo- 
rated P10 (KCl) screen thickness is 
about 12 microns. These thicknesses 
are for operation below about 10 kv 
and must be increased for higher volt- 
ages according to eqs. (10) and (11). 

The strontium-containing phosphors 
listed at the bottom of Table 1 are 
infrared-stimulable materials which 
have quite deep electron traps (of the 
order of 1 electron volt). These mate- 
rials can store most of their latent 
phosphorescence energy for several 
days, even at room temperature. Effi- 
cient release of the stored phosphores- 
cence energy is obtained by irradiating 
the previously excited material with 
near-infrared which may be varied in 
intensity to alter the normal concave- 
upward decay of the phosphor. These 
phosphors are good photoluminescent 
eon ee materials but are relatively inefficient 
file Barents tal oh sates ae airtel eles eae Be 

amore diferenthnantiactirers: ing sulfate ions in copper-activated 

zinc sulfide phosphor, an unusual 

infrared-quenchable phosphor is produced which affords long phosphorescence plus the 

ability to decrease or terminate the phosphorescence by quenching with infrared at an 

arbitrary instant during the decay time. Infrared-sensitive phosphors may be used to 

store information for controllable time intervals or to convert positive images into negative 
images (or vice versa). 

The intensity and duration of phosphorescence after cathode-ray excitation is generally 
less than that obtained after excitation by photons. Cathode-ray-excited phosphorescence 
may be increased by using the cascade principle. The cascade principle involves construct- 
ing a stratified-layer screen wherein an efficient photophosphorescent material is covered 
with a layer of an efficient cathodoluminescent material whose emission band overlaps the 
excitation band of the photophosphorescent material. By this method, cathode-ray 
energy is intermediately converted into photon energy which is more efficient in exciting 
phosphors to produce phosphorescence. Cascading may be used also to excite cathode-ray- 
modulated photoluminescence in materials, such as the infrared-stimulable phosphors, 
which are inefficient under direct cathode-ray excitation. The P7 and P14 screens are 
examples of practical cascade screens which were devised for radar cathode-ray tubes. 
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CATHODE-RAY TUBES 


By L. E. Swedlund 


The cathode-ray tubes considered herein are those electron tubes in which a relatively 
low-current electron beam of small circular cross-section is focused on, and deflected 
across, a luminescent screen. Their 
principal applications are in tele- 
vision receivers, oscillographs, and 
radar-type indicators. Their great 
value is the ability to display varia- 
tions in voltage and current without 
the limitations of mechanical inertia, 
and their relatively low cost. Except 
for a few specialized designs, they are “Gross over clans Deflecting 
sealed-off, high-vacuum tubes, hav- aperture electrodes 
ine an electron gun with a heater- Fie. 1. Electrostatic-focus Electrostatic-deflection Cath- 
type, oxide-coated cathode located ode-ray Tube 
in the neck of a cone-shaped glass 
bulb. A luminescent screen is deposited in the large, nearly flat end of this cone. Figure 1 
shows an electrostatic-focus, electrostatic-deflection oscillograph-type cathode-ray tube, 
and Fig. 2 a magnetic-focus, magnetic-deflection tube, for television image reproduction. 
Magnetic focus is very seldom used with electrostatic deflection, but electrostatic focus 
is often used with magnetic deflection. The principal parts of the cathode-ray tube are 
the electron gun, the bulb, and the luminescent screen. 


Accelerating First Second 
electrode anode anode 


19. ELECTRON GUN 


The design of the electron gun is based on the principles of electron optics outlined in 
Section 14. However, owing to the complex nature of the electron paths, particularly in 
the region of the grid and cathode, and to the 


Screen ih remtiaton rn large number of interrelated factors, much of 
grid yoke contact the design is based on experimental informa- 
Lonel oor = Internal 3. tion. The active cathode surface is a small, 
Ree conductive! flat, oxide-coated nickel surface normal to the 


coating 


gun axis. Directly heated, high-temperature 
cathodes are occasionally used in high-voltage 
tubes to withstand better the effects of positive- 
ion bombardment. A control grid having a 
round aperture of approximately 0.04-in. diam- 
eter is spaced as closely as practical to the 


4 
Luminescent 4 
screen 


OR 


Fie. 2. Magnetic-focus Magnetic-deflection gathode. As the spacing may amount to only 
0.002 in. when the cathode is hot, it is difficult 
to hold this spacing constant from tube to tube. This small variation in spacing results 
in a fairly large variation in control-grid voltage for beam-current cutoff. The control grid 
is nearly always designed to operate at a negative potential with respect to the cathode. 
The beam is accelerated by means of a screen grid, first anode, and second anode; by a 
screen grid and anode; or directly by an anode to full-beam potential. In each case, the 


Cathode-ray Tube 
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spacing between the first accelerating electrode and the control grid is adjusted to provide 
about the same accelerating field at the cathode. Maximum beam currents of the order 
of 1 milliampere are drawn at zero bias, and the specified control-grid bias for beam cutoff 
varies from approximately 20 to 100 volts. 

' OPERATION OF THE ELECTRON GUN. The field above the cathode draws the 
electrons into a focus in a few millimeters’ travel. In this field they cross over, and beyond 
it they travel in straight paths until they enter the final focusing field near the end of the 
gun. Here the electrons are made to converge to a second focus or cross-over at the 
screen. The final focusing field or electron lens may be either electrostatic or magnetic. 
The electrostatic lens consists of coaxial cylinders, apertured disks, or a combination of 
both. These components are always mounted inside the tube. The magnetic lens is 
always mounted outside the neck of the tube and usually is a coaxial coil encased in an 
iron shell except for a short axial magnetic gap on the inside surface. In both cases a 
very good degree of rotational symmetry is required. The usual error due to any lack of 
symmetry is astigmatism, which results in an elliptical shape when the spot is focused. 
Electrostatic focus is adjusted by varying the first-anode voltage. The first-anode voltage 
is usually about one-fifth the second-anode voltage. Magnetic focus is adjusted by chang- 
ing the magnetic field in the region of the electron beam. This is done by varying the 
current in an electromagnetic focus coil or by varying a magnetic shunt in a permanent- 
magnet focus unit. 

ELECTROSTATIC DEFLECTION. Figure 1 shows two pairs of deflecting plates at 
right angles to each other at the exit of the electron gun. The average potential of each 
pair should be near that of the second anode of the gun since a difference will produce a 
focusing effect. Since such focusing produces a strong astigmatic effect it is sometimes 
possible to adjust their average potential to counteract astigmatism in the electron gun. 
Most tubes, however, are so well made that such correction is not needed. The best uni- 
formity of focus is attained with symmetrical or push-pull deflection. It is possible to 
connect one plate of a pair to the second anode and apply voltage only to the other at 
the expense cf focus and sometimes linearity of deflection. When the deflection plates 
are parallel the deflection can be calculated from the following equation. 


: Va 
~ 2Vid () 


where h is the deflection from the center, L is the plate to screen distance, J the deflecting- 
plate length, Va the difference in potential between the plates, Vz the second-anode or 
beam voltage, and d the spacing between plates. In order to provide maximum sensi- 
tivity, the plates are usually shaped to follow the contour of the deflected beam. The 
expression for deflection becomes more complex but has about the same proportionality 
factors. 

MAGNETIC DEFLECTION. Magnetic deflection is accomplished by placing a mag- 
netic field at right angles to the beam path. This field is usually provided by a pair of 
coaxial coils placed on opposite sides of the neck in order to produce a nearly uniform 
deflecting field. The beam moves at right angles to the magnetic field in a direction 
indicated by the familiar left-hand motor rule, remembering, however, that conventional 
current flow is opposite that of electrons. Unlike electrostatic deflection, it is possible and 
advantageous to place a second pair of coils for orthogonal deflection in the same region 
as the first. A combination of deflection coils is known as a deflection yoke and is ordi- 
narily designed to meet the rather specialized requirements of television. Magnetic pole 
pieces and return paths are sometimes provided to decrease the current required by reduc- 
ing the reluctance of the magnetic path. The deflection h at the screen for a magnetic 
field of length / having uniform flux density of B at a distance L from the screen, and 
for a final voltage Hp, is 


0.298 * 10 *BIL 
? VV @) 
b 


Since there is a large air gap in these coils, the flux density is proportional to the current 
and thus deflection is proportional to the current. Although some approximations have 
been made, this equation holds well up to 60° total deflecting angle. It is seldom desired 
that the field be uniform across the neck because the screen is usually not properly curved 
to produce a pattern which looks rectangular. In the reflective optics projection system, 
for example, the pattern is made to “‘barrel” slightly to correct for ‘‘pin-cushion” distortion 
in the optics (see Section 14). 

COMPARISON OF MAGNETIC AND ELECTROSTATIC DEFLECTION. In com- 
paring eqs. (1) and (2) for electrostatic and magnetic deflection, it is to be noted that, 
with an increase of beam voltage, deflection decreases with the anode voltage in the former 


h 
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and as the square root of the anode voltage in the latter. Thus, magnetic deflection be- 
comes relatively more favorable as the voltage is raised. In television, this, plus relatively 
better focus and economic factors, sets the dividing point at about 5 kv. Electrostatic and 
magnetic deflection are occasionally combined in one tube, though tubes designed spe- 
cifically for this type of operation have not found many applications. 

DEFLECTION DEFOCUSING. Deflection is accompanied by a deterioration of focus 
known as deflection defocusing. It appears as an elongation of the spot in the direction of 
deflection in electrostatic deflection and as an elongated and rotated spot in magnetic 
deflection. It increases approximately as the square of the deflecting angle. Thus deflec- 
tion distortion limits the deflecting angle and indirectly the beam current because the 
amount of current which can be focused into a given size spot is determined by the size 
of the beam as it leaves the gun. For high currents and wide deflecting angles the deflec- 
tion distortion is five to ten times as great with electrostatic deflection as with magnetic 
deflection. As a result, electrostatic-deflection tubes are designed for smaller focused 
currents and narrower deflecting angles than magnetic-deflection tubes. The change of 
focus due to the increase of gun to screen distance with deflection is small compared to 
deflection defocusing even with flat screens. But, since deflection defocusing also produces 
a shortening of the image focal distance, it is possible to make a small amount of compensa- 
tion by slightly underfocusing the beam at the center of the screen. This effect is usually 
so small that it is not worth while to modulate the focus voltage in synchronism with scan- 
ning to improve the uniformity of focus. 


20. BULBS FOR CATHODE-RAY TUBES 


The bulb of the cathode-ray tube must meet specialized requirements for mechanical 
strength, dimensions, optical quality, and electrical insulation. Special grades of glass are 
needed to meet these demands. Although the bulb has to withstand only atmospheric 
pressure (15 lb per sq in.) it is good practice to design for a breaking strength of 60 lb or 
more per sqin. This is done to avoid failure due to slight scratches, temperature shock, 
and aging. Great care should be exercised, particularly in handling the larger tubes, to 
protect personnel from flying glass in the event of accidental implosion. Generally the 
zone of highest stress in a bulb is near the rim of the face. Here the outside surface of the 
glass is in tension, in which it is weak, and so particular care should be taken to avoid 
scratches and shocks in this zone. In the past large bulbs were usually made of heat- 
resisting, low-thermal-expansion glasses, but because of both cost and optical quality most 
bulbs are now made of a soft glass. For all but the low-voltage oscillograph-type tubes, 
this is a lead-type glass in contrast to the usual lime-type soft glass. It is chosen to obtain 
high electrical resistivity. Large bulbs are mass-produced by pressing parts which are 
fused together. If the surface must be very good and accurately shaped, as in projection 
type tubes, the face plate may be ground and polished before sealing to the bulb. 

LIMITATIONS IMPOSED BY THE LUMINESCENT SCREEN. The luminescent 
screen is a very important part of the cathode-ray tube. (See articles 15-18.) The limita- 
tions and requirements of the luminescent screen have an important bearing on gun-design 
problems. Both the amount of current that can be sharply focused and the amount that 
can be utilized efficiently by the screen are limited at low voltage. High brightness, 
consequently, has to be obtained by raising the beam voltage applied to the screen. Al- 
though raising the anode voltage improves the focus and screen efficiency, it also increases 
electrical insulation problems, introduces screen charging, and requires higher deflection 
energy. Specially developed, low-current, high-voltage power supplies which have low 
cost, compactness, and safety have made this problem less difficult. 

SCREEN SIZE AND BRIGHTNESS. When the screen size is increased without chang- 
ing the gun or deflecting angle, the anode voltage must be raised to maintain the same 
number of lines resolution and brightness. This is due to the fact that the size of the 
focused spot increases with bulb length and that the beam energy per unit of screen area 
determines the brightness. Projection tubes require the highest screen brightness and are 
therefore operated at the highest voltages. Luminescent screens are very thin and thus 
have a very small thermal storage capacity. Great care must be taken not to move the 
beam slowly or over too small an area. With a small overload the screen may be damaged 
only temporarily, as by overheating, or to a light ‘‘burn’”’ which gradually fades out. The 
total time of screen bombardment during the life of a tube is surprisingly small. Consider a 
television tube scanned with a 525-line raster. This provides roughly 360,000 picture 
elements; and so, neglecting blanked-out return line time and modulation, each element 
of the picture area is being bombarded only 1/360,000th of the time. One thousand hours 
amounts to 3,600.000 seconds. Thus in a representative tube lifetime, the screen has been 
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bombarded less than 10 seconds. However, during this short time it is bombarded at a 
very high momentary energy density; for example, in a 5-in. projection tube it amounts 
to 25 kw/cm?. 

DISCHARGE OF SCREEN. Luminescent screen materials are good electrical insulators 
and are prevented from charging up negatively under electron bombardment only by 
virtue of a secondary-to-primary electron-emission ratio equal to or greater than unity. 
The range of voltage where this is true varies with the type of screen material, its manu- 
facture, and application. Under favorable conditions screens can be discharged by second- 
ary emission over the 500 to 25,000 volt range. At the upper end of the range not all 
phosphors can be used and a charge of several thousand volts may build up on the screen, 
thus reducing the effective screen voltage. In general, secondary emission becomes poorer 
at low current density and with use. Poor secondary emission at low voltage causes the 
screen to charge up enough to deflect the beam off the screen. For example, trouble is 
likely to occur if beam current flows to the screen while the anode voltage is building up. 
A charge is then built up before the screen is bombarded with full-voltage electrons. At 
the upper end of the range the light output fails to increase at the normal rate with voltage 
increase and the pattern may become unstable. The effects of poor secondary emission 
may be overcome by mounting the phosphor on a conducting surface and, above about 
7000 volts, by placing a very thin, light metal back on the luminescent screen. The metal 
back is especially desirable because it can be made light-reflecting in order to utilize the 
light ordinarily lost through the back of the screen. It can also serve as an effective barrier 
to negative ions. 

ION SPOT IN SCREEN. Ion spot in the screen is a problem, particularly in magnet- 
ically deflected tubes. It is the area in the luminescent screen which has been damaged 
by negative-ion bombardment. The screen is damaged almost altogether by the negative 
ions which form in or near the cathode surface when it is bombarded by positive ions. The 
rate of damage increases with voltage, but it is 
most noticeable at about 7 kv because above this 
voltage the electrons begin to penetrate below 
the damaged surface layer of the screen. It is 
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greatly affected by the amount and kind of gas 
left in the tube, but it is almost impossible to 
eliminate ion damage completely by evacuation 
and gas getters. Because electrostatic focusing 
is independent of mass and magnetic focusing is 
not, electrostatic focus guns focus the ions, thus 
forming small ion spots rather quickly whereas 
magnetic focus tubes form large ion spots slowly. 
Initially the small spot is more objectionable, but 
with time the large spot becomes more objection- 
able. In addition to the metal-backed screen, 
which is rather expensive to apply to low-voltage 
tubes, there is another effective solution known 
as the “‘ion trap” electron gun. Figure 3 shows 


two constructions of this idea. Both are simpli- 
fied modifications of the mass spectrograph. The combined beam of ions and electrons is 
directed off the center of the gun into a trap in A by bending the anode and accelerator 
and in B by means of a tilted electrostatic lens. In both, a magnetic field is applied to 
restore the electrons to the axis. The secondary magnetic field used in construction B is 
useful not only in aligning the beam with the gun axis but also in overcoming the slight 
mechanical misalignments that may be present. 


21. CHARACTERISTICS OF THE IMAGE 


SPOT SIZE. The image detail or resolution is determined principally by the size of 
the focused electron image on the screen. Contrast and grain size of the screen may also 
be factors. The spot does not have a definite edge but decreases in brightness from the 
center approximately as a segment of a sine wave. When the beam scans a television-type 
raster it is found that, when the lines overlap to the point where the brightness is half that 
of the center, the line structure practically disappears. For this reason it is convenient to 
express spot size as the width at these half-brightness values. This is the basis of the 


“compressed raster’? method of measuring spot size sometimes used for oscillograph-type 
tubes. However, the rate at which the brightness falls off toward the edge of the spot 
is important in determining the resolving power, and so for television reproduction tubes a 
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ee pattern signal which takes this into account is generally used. (See Fig. 10, 
p. 15-25. 

The resolution pattern has sets of spaced black and white lines usually converging in 
wedges along with circles and bars for other tests. The limiting resolution is defined as 
the point where the black and white lines merge. It is important that the black to white 
grid signal level be maintained beyond the value of resolution being read. If the reproduc- 
tion tube is not to limit the resolution of the television signal noticeably, its limiting 
resolution should be about three times that of the television signal. The resolution is best. 
at the center of the raster and poorest in the corners, and since it depends on the deflection 
yoke it may vary with the direction of scanning. Its value is usually expressed in terms 
of the number of black and white lines required to fill the vertical height of the raster. 
In photographic and optical literature it is generally the practice to count only the number 
of black lines per unit of length. 

CONTRAST. The ability to see an image on a screen depends not only on the bright- 
ness of the trace but also on the ratio of this brightness to the background brightness. This 
is known as the brightness contrast ratio. This ratio, also sometimes referred to as con- 
trast range, determines the number of distinct half tones which can be reproduced. Its 
value depends not only on the inherent characteristic of the screen but also upon the area 
and distribution of illumination in the screen. The minimum or limiting value of contrast 
ratio can be found by uniformly scanning all but a small black spot in the center of the 
raster. A contrast ratio representative of large areas can be found by scanning half the 
picture area and measuring the brightness in the center of each half. 

GAMMA. The term gamma is borrowed from photographic practice to designate the 
half-tone characteristics of a television system. Over the brightness range useful for tele- 
vision reproduction the eye recognizes brightness differences as percentage increases in 
steps of 1 to 2 per cent. For this reason it is convenient to plot the grid drive versus light 
output of a picture tube on log-log scales. The slope of this curve is known as the gamma. 
In the same way each part of the system from the light in the scene on through the ampli- 
fiers has a gamma value. The overall gamma is the product of those of the series of ele- 
ments. Unity overall gamma, which is usually desired, then represents brightness values 
in the image proportional to those in the scene. The gamma should be uniform over the 
whole brightness range for accurate reproduction, but it is usually less at the low and high 
brightness levels, as is also true in photographic reproduction. It is the practice in photog- 
raphy to refer to gamma as “‘contrast.’’ This should not be confused with contrast ratio. 

It has become the practice to mark the d-c bias and the signal controls of television 
receivers as ‘‘brightness’”’ and ‘‘contrast’”’ respectively. However, both controls affect 
the gamma and brightness. Overbiasing increases gamma by eliminating detail in the 
shadows; underbiasing decreases it by ‘‘washing out’’ shadow detail. Average brightness 
varies with d-c bias. Increase in brightness by signal increase is usually limited by the 
increase in spot size or amplifier overload. This loss of detail and contrast in the highlights 
is sometimes referred to as ‘‘blooming.’’ In a picture tube the average gamma varies from 
3 to 2, depending on the amount of masking in the gun. Correction to match the gamma 
of a standard transmitted signal must be done by introducing suitable curvature in the 
amplifier input versus output characteristic. 

POST ACCELERATION. The beam is sometimes accelerated after deflection in order 
to increase the spot brightness without a proportionate increase in deflection energy. For 
this purpose the bulb conductive coating is separated and brought out to a third anode 
terminal. It has been applied only to electrostatic deflection tubes because little or no 
gain results when it is used with magnetic deflection. Post acceleration results in a focus- 
ing action which tends to bend the deflected beam back to the axis. There is also 
a small amount of focusing action on the spot which is readily corrected by raising 
the first anode voltage a small amount. In a typical post-accelerator-type oscillograph 
tube the deflection voltage must be raised 20 per cent when the third anode is in- 
creased from equal to double the second anode voltage. This increase in deflection voltage 
is accompanied by an increase in deflection defocusing so that the sharpness of focus is 
not as good as an equivalent non-accelerator tube whose screen voltage is the same. The 
deflection sensitivity also will not be as much less as indicated on the comparative tests 
on the accelerator tube because the deflection plates can be designed for closer spacing. 
However, the gain in brightness and deflection sensitivity along with the fact that the high- 
voltage power supply is grounded between its negative and positive terminals often justifies 
the higher cost of a tube of this type. The accelerator ratio is ordinarily limited to about 
2, but where very high spot brightness is needed tubes may be designed to operate up to 
a ratio of 10 times. 

PHOTOGRAPHY OF CATHODE-RAY-TUBE TRACES. A permanent record is 
sometimes needed, and when a tracing of the pattern on the tube cannot be readily made 
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it can usually be photographed. Unless a time exposure can be made the brightness level 
suitable for viewing must usually be increased by raising the beam current and possibly 
by raising the screen voltage. Luminescent screens such as the P5 and P11 are particularly 
suited to photography. The blue light of these screens provides energy where the film is 
most sensitive. The lower-cost ‘“‘color blind” films may sometimes serve nearly as well 
as the orthochromatie and panchromatic films. Since the P11 screen has approximately 
10 times the photographic and visual efficiency of the P5 screen it is preferred, but occa- 
sionally its longer persistence may be a limitation. The proper exposure depends on lens 
speed, film sensitivity, screen size, spot brightness, and spot velocity. Tables suitable for 
estimating the best exposure are available from tube manufacturers, but usually a suitable 
value can be found from a few test exposures. Single television frames can be photo- 
graphed with a hand camera having a fast lens and by using high-speed panchromatic 
film. For motion-picture records the camera must be exposed in synchronism with the 
frame frequency. 


22. TELEVISION CATHODE-RAY REPRODUCTION TUBES 


Cathode-ray tubes for television image reproduction are known as;picture tubes or 
kinescopes. In directly viewed tubes the size of the screen largely determines the cost and 
operating voltage. Below a diameter of 7 in. the reduction in cost is not great and the 
image size is too small for comfortable viewing. Ten-, fifteen-, and twenty-inch bulbs 
provide images in steps of double-sized areas. Intermediate sizes such as 12 in. are also 
used. In the largest bulbs the economic limit for evacuated glass bulbs is reached. Larger 
images have to be produced by optical projection from a small screen tube. This small 
tube, known as a projection tube, must produce a much brighter image to illuminate the 
larger viewing screen and to make up for the losses in the optical system and so is operated 
at a higher anode voltage. 


Table i. Television Picture-reproduction Cathode-ray Tubes 


Size, in. Typical Operation 
Type | Nominal Heater Grid | Control 
Diam-=e|(ehengtht| aca asc Anode | Anode 2, Grid | Focus Comments 
eter Volts | Amperes 2, kv | 1, volts volts | Cutoff 

5 P4 vane 5 11 3/4 6.3 0.6 27 4900 200 —70 ES | Reflective optics pro- 
jection 

7CP4.... i 137/16 7 1365 250 —45 ES | Monitor use in day- 
light 

7DP4.... 7 14 1/16 6.3 0.6 6 1430 250 —45 ES | Small size receiver 

7EP4.... 7 15 1/9 6.3 0.6 753 650 —60 ES | ES deflection, low- 
cost receiver; see 
oscillograph tubes 
for deflection factors 

TIES asters 7 141/ 6.3 0.6 6 1000 —120 ES | ES deflection for low- 
cost receiver; see 
oscillograph tubes 
for deflection factors 

7HP4.... ii 13 63 0.6 6 250 —55 M_ | Small size receiver 

10AP4... 10 17 1/9 6.3 0.6 6 —60 M | Bent gun ion trap 

10BP4... 10 17 5/g 6.3 0.6 9 250 —45 M Directly viewed, tilted 
lens ion trap 

10CP4... 10 165/g 6.3 0.6 8 250 —45 M | Directly viewed 

10EP4... 10 17 5/g 6.3 0.6 8 250 —45 M | Directly viewed, tilted 
lens ion trap 

10FP4... 10 17 6.3 0.6 9 250 —45 M | Directly viewed, 
metal-backed screen 

12JP4... 12 17 1/ 6.3 0.6 10 250 —45 M | Directly viewed 

I5AP4... 15 203/16 | 6.3 0.6 10 250 —45 M © | Large directly viewed 

I5BP4... 15 19 6.3 0.6 12 250 —45 M | Large directly viewed, 
rectangular face 

20BP4... 20 28 3/4 6.3 0.6 15 250 —45 M | Large directly viewed 


Note: The above table includes the tubes commercially available. Developmental tubes and those recommended for 
replacement only are not included. However, some of the tubes in these lists are in fact owtmoded and will in time 
become obsolete. Owing to changes and additions which are constantly being made, up-to-date and more detailed 
information should be obtained from tube manufacturers or their agents. 

The deflecting angle in all the above tubes is 50° or-slightly above. All use P4type screens. 
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DEFLECTION AND FOCUS OF PICTURE TUBES. Magnetic deflection is used for 
all but the smallest television picture tubes because it permits the use of wider deflection 
angles and higher beam currents. Owing to the desire for short overall length, particularly 
in the large tubes, the deflecting angle is made as large as practicable. Fifty-degree total 
angle has been found to provide a good compromise between focus uniformity, beam 
current, and deflecting power. Both magnetic and electrostatic focus guns are used, the 
former being favored for directly viewed tubes and the latter for projection-type tubes. 
At the high anode voltages used in the projection tube, energy for the focusing coil becomes 
a more important factor and the coil is also difficult to mount in the reflective optics system 
generally used for projection. The highest-voltage power supplies tend to have the poorest 
voltage regulation, so that a first anode which can be held in focus by means of a tap on 
the bleeder across the high-voltage supply is quite desirable. The bulb size of projection 
tubes is limited by the cost and bulk of the optical system used with them. For home use 
a 5-in. bulb and 27 kv appears to be an economic choice. For intermediate and theater- 
size images larger tubes and much higher operating voltages are justified. 


23. OSCILLOGRAPH-TYPE CATHODE-RAY TUBES 


These tubes are nearly always of the electrostatic-focus, electrostatic-deflection type. 
Their largest field of application is in low-voltage oscillographs for visual observations. 
These operate in the range of 500 to 2000 volts, but, for the observation and photography 
of high-frequency transients, anode voltages up to 30 kv may be used. The higher bright- 
ness and sharper focus afforded by higher-voltage operation are desirable but it results 
in lower deflection sensitivity and higher cost tubes and accessories. The signal must 
usually be amplified, and because a wide band width is desired the gain per stage is low. 
The size of the screen also influences the choice of anode voltage, since the energy to the 
screen should go up with its size. Conversely, with a given anode voltage, a small-diameter 
tube may indicate more detail than alarge screentube. Of the factors determining oscillo- 
graph-tube performance, deflection sensitivity is the most important. Deflection sensi- 
tivity is customarily expressed as the number of millimeters’ deflection at the screen per 
volt (d-c) of deflection voltage. The reciprocal of this term, the deflection factor, is usually 
expressed in d-c volts per inch of deflection. The latter term is favored for design work. 
Spot size and contrast are next in importance: Grid modulation sensitivity is of relatively 
less importance than in television. It is desirable that the focus remain sharp while the 
beam current is varied, so most oscillograph-type tubes utilize an electron gun requiring 
essentially zero-first-anode current in order to avoid the effects of voltage regulation in 
the first anode circuit. 

HIGH-FREQUENCY DEFLECTION. When the deflecting electrode leads must have 
minimum inductance, capacitance, and coupling to other leads, they are brought directly 
through the neck of the bulb. This is also of value when very wide frequency band ampli- 
fiers are used. For frequencies of about 100 megacycles and above it is necessary to take 
into account the electron transit time through the plates. Special tubes with short-length 
plates and high beam voltage have been used to record frequencies as high as 10,000 mega- 
cycles per second. 

MULTIPLE GUN OSCILLOGRAPH TUBES. Oscillograph-type tubes with two or 
three independent guns and deflection systems are available for simultaneously producing 
two or more traces. Owing to their more complex construction their cost is higher than that 
of the equivalent number of single tubes. An electronic switch or the simultaneous use of 
two or more tubes is sometimes satisfactory. 

RADIAL DEFLECTION TUBES. Radial deflection tubes have a rod-type deflecting 
electrode extending through the face into the middle of the cone. The deflection sensitivity 
of the rod decreases as the square of the deflection so that it cannot readily be calibrated. 
It is used principally to make a marker pip on a circular time base. 
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24. CATHODE-RAY-TUBE DISPLAYS 
By T. Soller 


A cathode-ray-tube display is a means of presenting information concerning a signal 
(which may be any quantity that can be put into the form of an electrical voltage) in 
terms of one or more independent variables on which the signal depends. Usually at least 
one of these variables is an explicit or implicit function of time. The variables are repre- 
sented by displacements along cartesian or polar coordinate axes; the displacements are 
usually periodic, a single traversal along any axis being called a ‘‘sweep.”’ 

A display is said to be deflection-modulated if the signal produces a lateral displacement 
of the electron beam from some base line or sweep; it is said to be intensity-modulated if 
the signal voltage is used to increase or decrease the intensity of the electron beam. A de- 
flection-modulated display is used when quantitative information regarding the nature of 
the signal is required, for an intensity-modulated display can at best yield only qualitative 
information regarding the signal strength or shape. An intensity-modulated display offers 
the advantage of being able to present the signal in terms of two variables, rather than 
the single variable (usually time) of the deflection-modulated display. Well-known ex- 
amples of these two general types of display are the usual form of cathode-ray oscillograph 
(deflection-modulated) and the television display (intensity-modulated). 

Many different types of display were developed in connection with the applications of 
radar during World War II. In many of these an attempt was made to present on the two- 
dimensional surface of the CRT screen information regarding the signal involving three 
variables, for example, range, azimuth, and elevation. The designation and geometry of 
these various display types are shown in the following pages.* 


* For a more complete discussion of the subject, see: M.I.T. Radiation Laboratory Series, Vol. 22, 
Jathode Ray Tube Displays, McGraw-Hill Book Co., New York, 1947. 
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Type A 

A deflection-modulated display, commonly used with electro- 
static-deflection types of cathode-ray tubes. Consists of a linear 
horizontal time base, with the signal voltage applied to give a 
vertical deflection. Used primarily to measure the time of 
occurrence (in radar, the range) of the signal, as well as its 
shape and strength. There are many modifications of this basic 
display type (see types K, L, M, N, O, R). 


Type B 

An intensity-modulated (radar) display in which the horizon- 
tal sweep is synchronized with the antenna direction, and the 
vertical sweep is a linear time base repeated with each trans- 
mitted pulse. The received signal is applied to the control grid 
or to the cathode of the CRT in such a polarity as to brighten 
the screen. The display has a large distortion from a true map 
when the range sweep starts with the transmitted pulse and a 
large azimuth sector is displayed. By delaying the range sweep, 
and by simultaneous proper control of the azimuth expansion, 
a good approximation to a true map may be obtained, over a 
limited region. Such variations are called ‘‘delayed B-scans” 
or “‘micro-B scans.” 


Type C 


An intensity-modulated display, with azimuth as the horizon- 
tal coordinate and elevation as the vertical. This is the tele- 
vision type of scan. In radar, principally used in aircraft for 
location of other aircraft. Gives no indication of range. This 
type of indication is very bad from the signal-to-noise ratio 
standpoint, unless “‘range-gating”’ of the signal (from informa- 
tion obtained from a type B display, for example) is possible. 
Number of horizontal scanning lines used in radar is quite small, 
and signal appears on several scans because of wide angle of 
transmitted beam. 
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Type D 


A modification of type C indication, for airborne radar, giving 
crude elevation information (widely separated elevation lines), 
but also yielding range information. As any line is scanned 
slowly from left to right, a short range sweep extending from 
one elevation line to the next is simultaneously applied. Thus, 
for the signal shown, the pertinent data are: azimuth, 30° to 
right; elevation, + 10°; range, 2 miles (assuming distance be- 
tween elevation lines is equal to 3 miles). 

Listed for record purposes only; never used in production. 


Azimuth 


Type E 
Similar to type B, but with range as the horizontal coordinate, 
and elevation angle as the vertical. Presents a distorted vertical 
cross-section, since lines of constant height are curved, as indi- 
cated. Chiefly used where elevation angle (and not height) is 
of importance. 


Elevation 
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Type F 
Sometimes called a ‘‘spot” error display. No sweep is em- 
ployed, but the azimuth error of the signal is indicated by the 
horizontal coordinate and the elevation error as the vertical. 


Elevatlon error 
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Type G 
Sometimes called a ‘“‘spot with wings’ display. Similar to 
type F, with spot extended to a line whose length is inversely 
proportional to range to the target. Used mainly for gun-laying, 
the correct direction and range being indicated when the signal 
just fits between the two short vertical reference lines. 


Elevation error 
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Type H 

Known also as the “double dot’’ display, indicating range, 
bearing, and elevation. A modified type B display, in which 
alternate range sweeps are displaced slightly horizontally, thus 
producing two “‘dots’” from a single echo. The position of the 
left dot is that which would be indicated by the type B display. 
The right dot is displaced vertically by an amount such that the 
angle @ is roughly proportional to the elevation of the target. 


Azimuth 
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Type I 

An intensity-modulated radar display, sometimes called a 
“broken circle” display, used with a conical scanning antenna. 
Each echo is represented by an arc of a circle whose radius rep- 
resents range, and for which the shortness of the are indicates 
the error in pointing at the target. Thus the are A represents 
a target far to the left and below, while B is a target just a little 
above and to the right. A target dead ahead would be repre- 
sented by a complete circle. 
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Type J 
nents Le Essentially a type A display bent into a circle. Useful for 
pulse accurate time or range measurement when a continuously run- 
wy ning (erystal or other) oscillator can be used. The circular 
%, trace is obtained by applying two sinusoids from the same source 


to the two pairs of deflection plates, one sinusoid being 90° out 
of phase with the other. The synchronizing pulse which occurs 
at 0° also initiates the phenomenon to be observed, and the time 
to be measured, for example the range of a radar echo or the 
delay in a network is obtained from the angular position of the 
observed signal. The radial deflection is obtained by applying 
the signal voltage to a central electrode of the CRT (type 3DP1). 
Signal The sweep may be delayed so that zero time occurs at 0° on 
some previous rotation of the sweep. 


A A radar display used with systems sending out two beams in 
Hi t slightly different directions. The type A sweeps from the two 
BA iS lobes are displaced slightly horizontally. By adjusting the 
& angular position of the transmitting antennas until the signal 
Horizontal height of the two corresponding displaced signals is the same, 
displacement bearing or elevation information as well as range may be ob- 
tained. 


itted 
Fen lobe Type K 
y ip + storboard #t 


Signal strength 


Type L 
Sometimes called ‘‘back-to-back”’ A displays. Used with two- 
Transmitted lobe radar systems, the signal S would indicate a target to the 


pulse 


Range 


left. Changing the direction of the antennas until the opposite 
signals are of equal strength gives bearing or elevation of target 
as well as range. 


Signal strength 
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PS cag! pulse 


Target Type M 
mes renged A modification of the basic type A display, in which a cali- 
=f brated variable delayed ‘‘step’”’ voltage is applied to one of the 
H vertical deflection plates, in order to give more accurate range 
[he st information. In practice, the step is shifted along the display 
R 1 


Signal strength 


ange to 


art until the signal to be ranged comes just at the edge of the step. 
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Hy signal Type N 


Ss Sa por teat Combines features of types K and M in order to give more 
f accurate range and bearing or elevation information. 


Signal strengfh 


Type O 


cee 4 Sometimes designated as a ‘type A with a notch” display. 
a. Useful for accurate ranging on an echo. 


Signal strength 


| fo The horizontal sweep 
speed is increased for a short time interval, the beginning of the 


interval being adjustable and accurately calibrated. The signal 
under observation is placed in the center of this expanded por- 
Expanded portlon 


tion of the sweep, whereupon the reading of the delay dial gives 
of sweep the range directly. 
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Type P or PPI 


The most widely used intensity-modulated radar display, 
called plan position indication (PPI), in which the range of the 
echo is given by its distance from the center of the display, and 
its bearing by the angular position. The display may be either 
stabilized, so that north is at 0°, or unstabilized, in which case 
0° represents the ship’s or plane’s heading. To produce this 
display, a radial sweep starting from the center at the instant of 
the transmitted pulse moves outward in the direction in which 
the antenna is pointing at the moment. The rotating sweep 
may be produced by a linear sawtooth current in a single-axis 
deflection coil mounted around the neck of a magnetic deflection 
CRT, the coil being rotated in synchronism with the antenna. 
Alternatively, a stationary two-axis coil may be used, with z- 
and y-axis sawtooth currents whose amplitudes are at any 
given time proportional to cos @ and to sin 6 respectively, 
0 being the direction in which the antenna is pointing. Electro- 
static deflection CRT may also be used, sawtooth voltages 
similarly modulated being applied to the two pairs of deflection 
plates. 

Two modifications of the centered PPI are: (a) the ‘‘open- 
center PPI,” in which increased accuracy in determining azi- 
muth at close ranges can be obtained by starting the radial 
sweeps from a circle of arbitrary radius, and (b) the ‘delayed 
PPI,” in which increased accuracy in determining the range of 
distant objects results from delaying the beginning of each 
sweep from the center by an arbitrary known time. 


Off-center PPI or Sector Display 


The off-center PPI is a variation of the centered PPI described 
finan above, in which the center of the pattern may be arbitrarily 

displaced in any direction, and the sweep expanded, so that any 
desired portion of the entire area within the range of the radar 
in set can be made to fill the entire screen of the CRT. Such a 
ES display affords the possibility of greatly increased resolution 
ss while still preserving the undistorted map feature of the PPI. 
This is accomplished in the case of a rotating coil PPI by the 
superposition of a steady deflecting field upon the rotating sweep 
field. In the fixed z- and y-axis coil system, the same result may 
SAG be attained by proper control of the delay and sweep speeds of 
| the two components. The resulting display is often called a 


” 


L7 “sector display,” although it may not be a complete sector if 


the origin of the pattern is not on the CRT screen. 
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Type R 


The designation R (for range) applies to a type A display in 
which a fast linear sweep is employed, the start of the sweep 
being delayed by a precision calibrated delay circuit. Precision 
electronic time markers may also be used. The R display is 
generally used in conjunction with a standard type A display in 
which the time interval covered by the R sweep is indicated on 
the A sweep by intensifying the corresponding time interval. 
Both sweeps may be displayed on a single CRT at the same 
time by using electronic switching of the two sweeps and vertical 
displacement of the two traces. 


Type RHI 

This display is used to indicate the range and height of air- 
craft, hence the symbol RHI. Since the vertical distance 
(height) to be measured is in this case usually much less than 
the horizontal distance (range), the useful area of the CRT face 
can be greatly increased by expanding the vertical dimension. 
The display is usually obtained by applying simultaneous saw- 
tooth currents to the z- and y-deflection coils of the CRT, such 
that 7z = A cos @-t and iy = nA sin 6-t, where @ is the angle of 
elevation of the antenna, and 7 is the vertical expansion factor, 
usually between 5 and 10. In practice, the range sweep is 
usually simplified to tz = A-t, the resulting distortion heing 
unimportant. Lines of constant height are straight and hori- 
zontal. The range sweep may be delayed for increased range 
resolution at large distances. 
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SOUND-REPRODUCTION SYSTEMS 


Sound energy is transformed into some other form and retransformed back into sound 
for one of three general purposes: it may be desired to reproduce the sound instantly but 
at some other location, as in telephony or broadcasting; it may be desired to reproduce the 
sound at some subsequent time, as in phonographs and sound pictures; or it may be de- 
sired to reproduce the sound instantly and at the same location, but with increased energy 
content, as in public-address systems. The discussion herein is limited to reproduction by 
electric means, or at least partially by electric means, although other means are some- 
times used (e.g., acoustic phonographs). 

An electrical sound-reproduction system consists always of a microphone, or device to 
translate sound energy into electric energy; an amplifier and associated control equipment, 
to control the loudness of the sound; and a loudspeaker, or device to translate electric 
energy into sound energy. Similar considerations govern the choice and installation of 
these devices in all systems. 

In addition, in phonographs and sound pictures there are devices to record the sound 
permanently and to effect the subsequent reproduction of the sound, as well as means to 
synchronize the recording and reproducing machines accurately. In telephone and radio 
broadeast systems a transmission link is inserted in the circuit; also in telephony a com- 
plicated switching system is included to permit any subscriber to talk privately to any 
other subscriber. (See Section 17). 


AUDIO FACILITIES FOR SOUND SYSTEMS 


By Howard A. Chinn 


1. SOUND STUDIOS 


Sound-reproduction systems in common use employ a single channel for transmission 
and for reproduction. Regardless of how many microphones are utilized for a given pick- 
up, their outputs are ultimately blended into one audio channel. This results in a single. 
channel system which imposes problems of a special nature upon the design of studios and 
sets used for sound broadcasting or for sound recording. 

When a person listens to sound directly, the listening is done with both ears, or bin- 
aurally. Binaural hearing is indispensable for the localization of sound and for sound 
perspective. When listening to music in a concert hall, for example, one can largely ignore 
disturbing noises, provided they originate in a direction that is different from that of the 
desired sound and are not of unreasonable intensity. Furthermore, it is even possible to 
concentrate upon a particular section of the orchestra (for example, the strings in pref- 
erence to the brass, or vice versa) and to ignore sounds that may be of no interest, or per- 
haps even unpleasant. 

In listening to a single-channel system, on the other hand, nearly all sense of location of 
the sound is lost, as well as its extension in space. (A simple but effective demonstration 
of this is to block one ear, while conversing in a noisy room. The ability to continue to 
understand the speaker will be greatly impaired, if not entirely destroyed, because of the 
inability to exclude unwanted sound.) This same limitation exists when sound is trans- 
mitted over a single channel and reproduced by a loudspeaker system. Even though both 
ears are used for listening to the loudspeaker, the sound comes from a single source (multi- 
ple-unit loudspeakers, such as are sometimes required on wide-range, high-fidelity systems, 
do not change the effect) and the ability to discriminate against undesirable sounds is 
almost completely lacking. Hence, the sound that is heard from radio or television broad- 
casting, and in the cinema theater, is lacking in sound perspective. The design of studios 
for sound-reproduction purposes must be undertaken with these considerations in mind. 

By combining acoustically correct architecture with suitable microphone pick-up and 
blending techniques, a single-channel sound system will produce pleasing results. How- 
ever, the acoustical design problems are considerably more severe than those encountered 
in ordinary architectural work. Since the ability to localize sound is lacking, it is necessary 
to remove all sources of confusion or interference incident to monaural listening. This 
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may be done by (a) proper control of reverberation, (b) the elimination of echoes, and (c) 
the elimination of disturbing noise. The first two items involve problems in acoustical 
treatment; the last one, problems of sound isolation—the two are not necessarily related. 

CPTIMUM REVERBERATION TIME. Experience has shown that the most satis- 
factory reverberation time for broadcasting or sound-recording studios is less than that 
which is considered optimum for binaural listening. (See Section 12.) However, the 
reduction should be no more than is required to obtain the desired result. An excessive 
reduction in reverberation time will result in the elimination of the reverberant char- 
acteristics normally associated with the type of sound being reproduced. For example, 
the timbre or quality of a church organ being played in an acoustically dead room would 
sound as if it were out-of-doors. The reverberant quality associated with church music 
would be completely missing. The proper amount of reverberation must, therefore, be 
retained to create the desired psychological effect. 

The use of studios that are acoustically too dead results in another undesirable effect. 
Musical organizations performing in an environment of this type are handicapped in 
several ways. The performer, discovering that his instrument does not produce the sound 
intensity to which he is accustomed, generally tries to produce the normal amount of 
sound, with the result that he concludes the studio is a ‘‘difficult’’ one in which to work. 
In addition, the performer may find that it requires special attention to hear the other 
members of his group in order to keep in time and in tune. Finally, the listener gains the 
impression that the orchestra is a much smaller aggregation than it actually is. 

The type of the production dictates the optimum reverberation time for any given 
studio. In general, studios intended for speech or dramatic productions are less rever- 
berant than those used for musical presentations. It is evident, therefore, that no one 
optimum will cover all situations. Furthermore, since maximum studio usage requires 
that a given unit be capable of accommodating all types of productions, some means of 
adjusting the acoustics is not only desirable but actually essential for full flexibility. In 
Fig. 1 there are shown recommended minimum and maximum reverberation times, at 
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1000 cycles, as a function of studio volume. The most reverberant condition shown is suit- 
able for symphonic orchestras, church organ music, and other musical productions nor- 
mally associated with large halls; the least reverberant condition is suitable for dramatic 
productions and musical programs where no “‘room tone”’ is desired. 

It is desirable that studios be designed to provide a variation of reverberation time be- 
tween the two limits shown in Fig. 1. This amount of flexibility makes it possible to adapt a 
studio for practically any kind of production. The advantages of being able to do this are 
obvious. The maximum load factor for every unit is assured without placing groups in 
studios having unsuitable acoustical characteristics. This feature alone will justify many 
times over the additional design problems that variable acoustics entails. Since a studio 
with variable acoustics can be used for all types of productions, fewer studio units are 
needed in any given group. The results are not only greater performer satisfaction but 
also a smaller initial investment and a smaller operating cost for the studio group as a 


whole. 
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VARIATION OF REVERBERATION TIME WITH FREQUENCY. In addition to the 
reverberation time at a specific mid-range frequency, the manner in which the rever- 
beration time varies with frequency is important. Various investigators have discussed 
the shape of the reverberation characteristic from theoretical, subjective, experience, and 
environment viewpoints. Their findings are not conclusive, however. F urthermore, 
practically all were based upon binaural listening conditions. 

Experience gained from broadcasting and recording studio applications seems to in- 
dicate that, except in the larger studios (i.e., those of about 50,000 cu ft or more) the 
reverberation time should be essentially independent of frequency (in practice, however, 
the humidity often limits the reverberation time at high frequencies). In the very large 
studios some increase in the reverberation time at the low frequencies is often beneficial 
for the type of productions for which such studios are used. 

In a studio having variable acoustics, provisions may also be made to obtain variations 
in the shape of the reverberation-frequency characteristic. By properly locating various 
types of acoustical material on the absorbing side of adjustable panels (or on the wall back 
of movable panels), it is possible to change the shape of the characteristic, within limits. 
Variation, at the low frequencies, from a flat characteristic to a rising or falling one may 
often prove useful. A change of 20-30 per cent above a flat characteristic at 100 cycles 
to a like amount below should prove entirely adequate. 

SOUND DECAY RATE. The manner in which sound decays in a studio is as important 
as the reverberation time, or even of greater importance. In some studios, sound does 
not decay logarithmically as geometrical acoustics assumes. Experience indicates, how- 
ever, that a smooth logarithmic decay of sound results in the most acceptable type of stu- 
dio. A decay curve of this nature insures the absence of discrete echoes and eliminates 
one of the sources of confusion to monaural listening already mentioned. For good 
acoustics it is generally considered desirable to have a constant decay rate for at least the 
first 30 or 40 db. 

The desired type of sound decay can be obtained by creating a diffuse distribution of 
the sound. This can be done in a number of ways, such as employing a random distribu- 
tion of the sound-absorbing materials, by the use of serrated walls and ceilings, or by sub- 
stituting curvilinear surfaces for flat ones. It can be shown, theoretically, that curved 
panels, as contrasted to flat serrated panels, increase the area over which sound wave is 
dispersed. Likewise, it follows, that multicurved surfaces are an improvement over 
cylindrical ones. However, it is not yet generally realized that from a sound pickup view- 
point the diffusion of sound in an enclosure can be carried too far. Experience indicates 
that an entirely adequate amount of sound diffusion can be readily obtained with serrated 
flat surfaces. Consequently, there is little need to resort to the more complicated (from 
a construction viewpoint) curvilinear surfaces, except as may be deemed desirable from 
an esthetic point of view. 

ACOUSTICAL NOISE LEVELS. The residual noise in studios, from all sources, 
should be as low as possible. However, there is a lower limit below which it is not justi- 
fiable to reduce the noise from either a theoretical or economical viewpoint. The max- 
imum sound intensities normally encountered in studios at the normal microphone pick- 
up position (relatively close to the speaker for speech but relatively distant for music) 
range from about 75 db (above the acoustical reference level of 10716 watt per em?) for: 
speech to 95 db for music. The listener, on the other hand, indicates that noises that are 
50 to 60 db below the signal are either unobjectionable or not detectable. Taking these 
considerations into account, together with the economic ones, it is evident that a residual- 
noise level 25 db above the reference level is quite satisfactory. Sound isolation methods. 
are discussed in detail in Section 12. 
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2. MICROPHONES 


The types of microphones most commonly employed for program pick-up purposes are: 
condenser, moving-coil (or dynamic), velocity-actuated ribbon, crystal (piezoelectric), 
and combination units. These last microphones usually combine a velocity- and a pressure-: 
actuated ribbon or velocity-actuated ribbon and a moving coil into a single unit. The: 
phasing between the two units of the assembly is arranged so as to obtain a directional ef-- 
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fect, such as a unidirectional or a cardioid pattern. The characteristics of various micro- 
phones are discussed in detail in Section 13. 

The output level of wide-range, high-quality microphones is extremely low—so low, in 
fact, that the signal-to-thermal-noise ratio existing at the output terminals of the micro- 
phone often determines the overall performance of the system. The sound intensities 
existing at the microphone position for the usual type of program productions is such that 
a net insertion gain of 50 to 60 db is usually required to raise the output level to 0 vu, the 
standard reference level (see below). Still greater gain is required, of course, to raise the 
level sufficiently for transmission over program circuits, for operating loudspeakers and 
recorders, or for modulating a transmitter. 

The output impedance of condenser and crystal microphones is very high, and, as a 
rule, these units are operated directly into the grid of a tube. On the other hand, the out- 
put impedance of the moving-coil, ribbon, and combination microphones has ranged from 
a few ohms to several thousand ohms, depending upon the type. Such a variation greatly 
restricted the universal use of various kinds of microphones with different equipment. 
‘The situation has now been recognized, and microphones intended for broadcasting pur- 
poses have been standardized at 150 ohms. In most cases, a transformer must be supplied 
as an integral part of the microphone in order to provide the standard output impedance. 

MICROPHONE PLACEMENT. In determining the proper placement of a micro- 

’ phone for a given type of program it is necessary to take into consideration the directional 
properties of the particular microphone being used as regards both its amplitude and its 
frequency response characteristics. Each type of microphone has a directional character- 
istic peculiar to that type, and both the horizontal and the vertical plane directional pat- 
tern of the microphone must be considered in connection with its application and place- 
ment. Some microphones are unidirectional, others bidirectional, and still others non- 
directional in the horizontal plane. These properties are extremely important and useful 
for discriminating against undesired sources of sound and for obtaining a desired relation 
between sounds from different sources. 

Figure 2 illustrates the placement of two bidirectional microphones which, for the pur- 
poses of illustration, are assumed to have a figure 8 directional pattern in the horizontal 
plane. The performance being 
picked up is assumed to consist of 
a chorus, a soloist, and an accom- 
panying orchestra. Microphone 
A is used for the chorus and soloist 
pick-up. the artists being grouped 
‘on both sides of the instrument. 
The orientation of this microphone Nuit: 
is such that the null point or direc- — 
tion of minimum pick-up is towards 
the orchestra. Microphone A, 
therefore, is actuated primarily by 
the chorus and soloist and picks up 
very little of the orchestra music. 


Microphone B, on the other hand, Nuff 
is so located as to derive its major Fig. 2. An Illustration of the Placement of Bidirectional 
source of energy from the orches- Microphones to Achieve Control of Sound Pickup 


tra, and its null point is towards the 

singers. The electrical outputs of these microphones, one of which consists primarily of 
the voices and the other of the musical accompaniment, are then properly combined or 
“mixed’’ so as to obtain the desired balance. The technician responsible for this operation 
has control over the relative magnitudes of the singers’ voices and the music. He can 
adjust the relation between the two and also the overall amplitude to obtain any desired 
‘result. Still other microphones may be used for picking up sound effects, announcements, 
audience or crowd noise, etc. By the proper placement each microphone can more or less 
be confined to the pick-up of its assigned source of sound. 

Microphones having relatively sharp directional characteristics are sometimes used for 
outdoor or long-distance sound pick-ups. These devices are particularly good for con- 
fining the source of pick-up of sounds at a large outdoor gathering to a particularly in- 
‘teresting part of the crowd such as a cheering section or a band of musicians. In tele- 
vision pick-ups thev provide a means for keeping the microphone out of the camera angle. 

The use of more than one microphone for the pick-up of a given performer or group of 
performers working as a unit (orchestra, chorus, etc.) is generally to be avoided. Serious 
‘frequency and delay distortion is likely to result if more than one instrument is employed 
‘for the pick-up because under these circumstances each microphone will be a different 
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distance away from a given source of sound. As a result the sound waves do not reach 
each microphone at the same instant, and the combined outputs of the microphones will 
result in complete or partial reinforcement or cancelation, depending upon the resultant 
phase relationships. Furthermore, the phase relation is dependent upon the frequency of 
the sound source and does not, therefore, remain a constant quantity for all sounds. 

In practice it is sometimes advisable, however, to countenance these potential sources 
of distortion and use more than one microphone for the pick-up of a given group of per- 
formers. For example, an orchestra may have a string choir too small for good balance. 
Under such circumstances, supplementing the main microphone by a strategically placed 
and judiciously used secondary microphone may enhance the overall balance. It is impor- 
tant to note, in an operation of this type, that the contribution of the additional micro- 
phones must always be maintained at a low level. 

The frequency-response characteristic of some microphones varies with the angle of 
incidence of the sound wave upon the instrument. Microphones that exhibit this char- 
acteristic usually have a decreasing response to the higher frequencies as the source of 
sound moves around from the front to the side of the instrument. In placing such micro- 
phones this characteristic must be taken into consideration. The unidirectional dynamic 
and the condenser microphones are of this type. The velocity, non-directional dynamic, 
and crystal microphones, on the other hand, maintain the same relation between the high 
and low frequencies at all angles of incidence. 
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3. AUDIO AMPLIFIERS AND CONTROL EQUIPMENT 


A complete sound system entails, in addition to microphones for converting sound en- 
ergy into electrical energy, facilities for: (a) amplifying the exceedingly low microphone 
output to a usable level; (b) blending, into a balanced whole, program elements from 

several channels (known 
as ‘‘mixing’’); (c) adjust- 
ing the balanced program 
to the desired transmis- 
sion level without altering 
TO ursoRe the balance; (d) aurally 


ADDITIONAL 


pecan and visually monitoring 
the transmission. 

These elements are 
found in audio systems 
used for broadcasting, 
sound recording, and 
public-address applica- 

LEGEND tions. Figure 3 illustrates, 
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Fie. 3. Simplified Block Diagram of Typical Sound System Studio By erent en desonibed Delay 


"Audio FacdiGee in the order in which they 


appear in the block diagram. 
PRELIMINARY AMPLIFIERS. It is common practice in reproduction systems to 


have a mixer volume control associated with each microphone or other source of pick-up. 
As already noted, however, the output level of microphones is so low that any attenuation 
prior to amplification of the signal, would degrade the signal-to-noise ratio of the pyaar 
(the cause of the noise at this point being largely thermal). Therefore, before any volume 
controlling can be done, it is necessary to raise the level of the signal well above the ther- 
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mal-noise level. In fact, one of the cardinal principles cf good audio system design is 
never to permit the signal level to fall below the value existing at the output terminals of 
the microphone. It is therefore common practice to insert a preliminary amplifier be- 
tween the microphone and the mixer volume control (or any other circuit element such as 
a sound-effects filter, dialogue equalizer, etc.). By using this arrangement the mixer con- 
trol is introduced into a circuit at a point where the level of the microphone output has 
been raised considerably above the thermal-noise level of the circuit. As a result, when 
attenuation is introduced for mixing purposes, the signal-to-noise ratio is not degraded. 

Preliminary amplifiers usually consist of one or two stages of amplification having an 
overall gain in the neighborhood of 30 to 40 db. The amplifier must be carefully designed 
because any noise originating in it will be amplified by the following amplifier stages. It 
is therefore imperative that amplifier noises such as microphonics and hum background 
be practically non-existent in the preliminary amplifier. The input transformer of the 
preamplifier, if one is used, is a particularly susceptible point for the pick-up of stray, 
unwanted, interfering fields. This unit must be very carefully shielded both electro- 
statically and electromagnetically. 

Low-impedance microphones, such as the dynamic and velocity types, are connected 
to the input of the first amplifier tube by means of a suitable transformer. However, 
microphones of this type are basically voltage-generating devices; consequently their 
output impedance (150 ohms in broadcasting practice) is not matched to the input im- 
pedance of the preliminary amplifier. Rather, the preliminary amplifier is designed to 
have a high input impedance, thereby realizing as much of the open-circuit voltage of the 
microphone as possible. The input transformer is normally designed with as high a step- 
up ratio as commensurable with the required response-frequency characteristic. The 
leads connecting the microphone to the preamplifier input transformer may be several 
hundred feet long without seriously impairing the performance of the device. 

The condenser and crystal types of microphones are connected directly to the input of 
the amplifier tube through a suitable network of resistors and condensers. In this case 
it is desirable that the leads connecting the pick-up device to the amplifier tube be of very 
low electrostatic capacitance. (Connecting cable capacitance attenuates the micro- 
phone’s output voltage but does not impair its response as a function of frequency.) It 
is common practice to make these leads very short by building the preamplifier into the 
mounting which houses the microphone head. In the floor-stand type of mounting this 
amplifier is sometimes built into the base of the stand. 

In the design of preliminary amplifiers care must be exercised that the output stage has 
adequate power-handling capacity. Since no gain control is ever inserted between the 
microphone and the preliminary amplifier, the input to the amplifier will vary over wide 
limits. The output level of the usual microphone under the average conditions met in 
practice has already been noted. However, if a microphone is placed close to a musical 
instrument that is being played very loudly (or near another source of loud sound) its out- 
put level may be as much as 20 db higher than that ‘‘normally” obtained. The output 
stage of preliminary amplifiers must be capable of handling without overloading the out- 
put level resulting from this input level. The output of the preamplifier is usually matched 
to the mixer circuit impedance by means of a suitable output transformer. For broad- 
casting applications the standard output impedances are 600 and 150 ohms. 

MIXER VOLUME CONTROLS. A mixer circuit is an arrangement of volume controls 
for combining into one program channel, in any desired proportions, program elements of 
several channels. The multiple microphone, transition, and fading effects, which con- 
tribute so much to program continuity, are obtained with mixer controls. For instance, 
separate microphones may be used for a soloist and for the accompanying orchestra (Fig. 
2) and the outputs combined to form a balanced whole. Since the gain of each micro- 
phone channel may be regulated independently of the others, a method of controlling the 
balance between various pick-ups is provided which does not impair the quality of the 
individual sources of sound. 

A mixer is also used to ‘‘fade down’”’ a musical Prarsalion so that announcements or 
talks may be superimposed. All these effects contribute a degree of smoothness to a 
program which would otherwise be impossible. Because of their use these controls are 
sometimes known as ‘‘faders.”’ 

The mixer control is, in effect, a variable-resistance attenuation pad, usually of a T 
structure, having a constant or nearly constant input and output impedance.’ The dee 
vice is capable of providing attenuation over a range from 0 to about 120 db. The at- 
tenuation generally varies uniformly with the angle of rotation of the control knob through- 
out the range from 0 to approximately 50 db. From this point to maximum attenuation 
the increase is very rapid, occurring in perhaps one-tenth of the full are of rotation. For 
broadcasting applications thé standard mixer control impedances are 600 or 150 ohms, 


16-08 SOUND-REPRODUCTION SYSTEMS 


MIXER MATCHING NETWORK. A mixer matching network combines the output 
of a number of mixer controls into a single channel while maintaining correct impedance 
relations. The matching network provides the proper load impedance for the individual 
mixer controls and also the desired source impedance for the following circuit element. 


Fie. 4a. Differential Matching Network Having Like Input and Output Impedance 


One of the simplest forms of matching networks is shown in Fig. 4a. In the general. 


case of 2 mixer positions, the value of the building-out resistors, Ri, is 


R(n — 1) 
R, = ——— 
‘ n+1 
Where the input and output impedance of the network are assumed to be alike and equal. 


to R. 
The loss between the output of any given mixer control and the matching network load is. 


db loss = 20 logion 


Fic. 4b. Minimum-loss Differential Matching Network. Input and output impedances are not alike. 


If the requirements of like input and output impedance are waived, a lower loss network 
can be used, Fig. 4b. Here, the building resistor value R2 is 


Ree R(n — 1) 
n 
The output impedance Ro is 
es Rn — 1) 
Hb ae es 


The loss of the network is 
db loss = 10 logio (2n — 1) 


In this case the output impedance can be restored to the same value as the input im- 
pedance (or to any other value) by means of a matching transformer. 
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BOOSTER AMPLIFIER. The amount of attenuation introduced in an audio system 
by the mixer controls and the associated matching network is often so great that ampli- 
fication must be supplied before further volume controlling (see Master Volume Control, 
next paragraph) can be effected. The amplifier used for this purpose is termed a booster 
amplifier. It usually employs one or two stages of amplification, has a gain of 30 to 40 
db, and is designed to operate from a source impedance and into a load impedance of 
finite value (e.g., 600 and 150 ohms in broadcast service). 

Whether a booster amplifier is required between the mixer circuit and the master gain 
control is determined by the signal levels existing for normal input levels and normal set- 
tings of the controls. Its use is indicated if, by its omission, the signal would fall below 
the level existing at the output terminals of the microphone. 

MASTER VOLUME CONTROL. The master volume control or ‘‘gain’’ control is 
“‘master’’ over the output of the individual mixer controls. After these mixer controls 
are adjusted to obtain the proper relation between the various parts of the performance 
the resultant overall volume of the program material may be adjusted to the desired level 
by means of the master gain control without affecting the balance that exists. This de- 
vice also permits the properly balanced performance to be faded in or out while the same 
relation is maintained between the individual parts of the program. The master gain 
control is similar in construction and operation to the mixer volume controls. 

PROGRAM AMPLIFIER. The purpose of the program amplifier is to bring the level 
of the studio output up to the point necessary to permit its being fed directly into the audio 
amplifier stage of a transmitter, into the program line connecting the studio with a trans- 
mitter, into a loudspeaker amplifier or a recording system. At a network key station, 
the output of the program amplifier is fed into a bus for distribution to the proper network 
or networks. 

This amplifier follows the preamplifiers, mixers, and master gain control to amplify the 
output of the microphones or other program source further. Although one preamplifier 
is needed for each microphone in use, only one program amplifier is necessary for a given 
studio channel. The amplification obtainable in these units is generally in the vicinity of 
50-60 db. The amplifiers are usually capable of an output level of approximately 250 milli- 
watts without serious overloading. The input impedance of this amplifier is matched to 
the output impedance of the preceding master gain control by means of a suitable trans- 
former. The output impedance is similarly matched to the load which follows this unit. 
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4, MONITORING FACILITIES 


AURAL MONITORING FACILITIES. A monitoring system consisting of a suitable 
amplifier and loudspeaker is a part of every complete sound system. These facilities pro- 
vide a means for those responsible for the production of hearing the program exactly as 
it is being sent to the transmitter, the network, or the recorder. It is essential that the 
fidelity of the aural monitoring equipment be in keeping with the remainder of the broad- 
casting or recording system. 

An output of 10 to 25 watts and an amplification of approximately 50 db are generally 
obtainable from the monitoring amplifier. The input impedance of the monitoring 
amplifier is usually very high in order that it may be bridged across the program circuit at 
a convenient point without affecting the level or impedance balance of the circuit to any 
appreciable extent. The output circuit is provided with a suitable transformer to effect 
an impedance match with the particular type of loudspeaker or speakers being em- 

loyed. 
if iB endceetie and sound-recording control rooms often afford a limited amount of space 
for the installation of a monitoring loudspeaker, placing several special requirements upon 
the design of the unit. For instance, the directional properties of the loudspeaker must 
be such as to provide uniform coverage for all occupants of the control room who are con- 
cerned with the production in hand. This requirement usually entails some special ar- 
rangement to insure uniform distribution of the high frequencies. Furthermore, since 
the loudspeaker may be relatively close to the listener, multichannel loudspeakers (if 
used) must be especially arranged so that the separate sources of sound cannot be dis- 


tinguished as such. 
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VOLUME INDICATOR FOR VISUAL MONITORING. A volume indicator is used 
in order to provide a precise, visual means of determining the volume level of the program 
material being transmitted by an audio system. The standard volume indicator consists 
of a copper oxide rectifier and a d-c indicating instrument. The characteristics of the 
rectifier, together with the dynamic, electrical, and other performance characteristics of 
the indicating instrument, are all carefully standardized. When calibrated and used in 
the prescribed way, the standard volume indicator gives an accurate indication of volume 
level. This is expressed as so many ‘‘vu’’ above (or below) reference volume—the number 
of vu being numerically equal to the number of decibels that the volume level is above (or 
below) reference volume. i 

REFERENCE VOLUME—VU. Reference volume is that level of program which 
eauses the standard volume indicator, when calibrated and used in the prescribed way, 
to read 0 vu. By definition, the reading of the standard volume indicator shall be 0 vu 
when it is connected to a 600-ohm resistance in which there is flowing 1 milliwatt of sine- 
wave power or 2 vu when the calibrating power is n decibels above one milliwatt. 

Reference volume, as applied to program material, should not be confused with the 
single-frequency power used to calibrate the volume indicator. Speech or program waves 
that result in a volume reading of 0 vu have instantaneous peaks of power many times 1 
milliwatt and an average power which is a fraction of 1 milliwatt. In other words, ref- 
erence volume is not 1 milliwatt, except in the special case of sine-wave measurements. 

DBM VS. VU. For steady-state measurements a reading in ‘‘vu’’ denotes a specific 
single-frequency audio power; for dynamic program indications vu denotes only a ‘‘vol- 
ume” level. This dual meaning of vu is avoided by use of the term ‘‘dbm”’ for all steady- 
state measurements. Using this terminology, a reading expressed in dbm indicates the 
power level of a steady single-frequency signal where the number of dbm is equal to the num- 
ber of decibels above (or below) a reference power of 1 milliwatt. On the other hand, a 
reading in vu denotes a volume-level indication of a program signal. A vu reading can 
be made only on a standard volume indicator (since the dynamic characteristics are in- 
volved) whereas sine-wave power level measured with the standard volume indicator or 
with any other suitable a-c instrument can be expressed in dbm. 

The practice of expressing measurement-signal levels in dbm, and of limiting vu to ex- 
pression of dynamic volume levels, has certain advantages. Thus, dbm is a unit of finite 
audio power, whereas vu may be considered only a unit of volume level and, as mentioned 
above, has no connotation of finite power level. 

However, it is necessary to establish a relation between the vu level to be used for pro- 
gram peaking and the dbm level to be used for performance measurements. It has been 
found that on typical program peaks reaching a given crest amplitude the standard volume 
indicator reaches an indication 8 to 14 db below that reached on a steady tone of the same 
crest amplitude. To take into account this 8- to 14-db difference in response, it is standard 
practice to require that performance requirements be met at a single-frequency test-tone 
level 10 db higher than the normal program level. This will reasonably insure that sys- 
tem performance is within standards under most operating conditions. 

TALK-BACK EQUIPMENT. A “talk-back” system is generally employed in order to 
provide a means for communication between the control room and the studio during the 
course of rehearsals. This equipment consists of a microphone in the control room, a 
suitable amplifier, and a loudspeaker in the studio. By means of this equipment the 
technician or the production man in the control room may talk to and direct the per- 
formers in the studio during rehearsals. 

The talk-back equipment is interlocked with the regular studio equipment so that the 
studio microphones and the control-room monitor speaker are turned off whenever the 
talk-back equipment is energized for use. This prevents the generation of an acoustic 
feedback because of coupling between the input and the output circuits of the amplifier 
systems. The regular preamplifiers, studio channel amplifier, and monitor amplifier as- 
sociated with the studio are sometimes employed, by suitable switching means, for the 
talk-back service. Inasmuch as both services do not function simultaneously, this ar- 
rangement results in an economical use of the equipment already available. The switch- 
ing complications, however, often do not justify this practice. Under these circumstances 
separate or partly separate talk-back equipment is used. 
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ELECTROACOUSTIC EQUIPMENT 


By R. J. Kowalski 


5. AUDITORIUM ACOUSTICS 


When an auditorium is designed for use with a sound-reproducing system one of the 
most important design considerations is the acoustic characteristics. (See also Section 
12). The sound emanating from the stage loudspeakers reaches the listener only after 
being influenced by the acoustic conditions of the auditorium. In view of the technical 
perfection of modern sound-reproducing equipment, it is frequently these acoustic con- 
ditions that determine whether the sound reaches the ear of the listener with all its original 
naturalness and realism or whether it is distorted, unnatural, and wholly unsatisfactory 
to the listener. 

The most common acoustic defects encountered in auditoriums are reverberation, echo, 
resonance, poor distribution (loud and dead spots), and noise. 

Optimum reverberation times for auditoriums of various sizes are shown in Fig. 1. It 
will be noted that as the volume increases the allowable reverberation time also increases. 
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Fig. 1. Optimum Reverberation Times for Auditoriums 


It will also be noted that the optimum reverberation time recommended is from 10 to 20 
per cent below the usual values for an auditorium that uses live talent without a sound- 
reinforcing system. This is because there is an abundance of sound energy and hence 
reverberation is not necessary to augment loudness. In fact some recent thinking favors 
overtreating an auditorium with sound-absorptive material to eliminate most acoustic 
defects and then artificially introducing the proper amount of reverberation in the sound- 
reinforcing system by means of reverberation or echo chambers. These can be designed 
to give any desired amount of reverberation and can be quickly and cheaply changed to 
meet different conditions. 

It will be noted in Fig. 2 that at the lower frequencies longer reverberation periods can 
be tolerated while at the higher frequencies the allowable period is somewhat reduced. 
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Fic. 2. Optimum Reverberation Time with Frequency 


By referring to the table of absorption coefficients of building materials in Section 12 it 
will be noted that most materials have a different coefficient for different frequencies. 
Because of this, it is possible by proper selection of materials to arrive at a design which 
will give optimum reverberation time throughout the frequency range. Owing to the 
extension of the low-frequency and the high-frequency ranges of modern reproducing 
equipment great care should be observed in the choice of sound-absorbing materials and 
treatment. 
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Echo consists of a delayed repetition, sometimes several rapid repetitions, of the original 
sound. It is most often encountered in large auditoriums, particularly those with curved 
ceilings and walls and other surfaces sufficiently remote from the source of original sound 
to cause a definite time interval between the arrival of the original and reflected sounds at 
the listener’s position. A multiple or flutter echo (several distinct repetitions) is often 
caused by parallel walls with smooth hard surfaces. With the extension of the high- 
frequency range of modern equipment the problem of echo and sound concentration was 
somewhat intensified because the high frequencies, or high-pitched notes, on account of 
their short wavelengths, are more easily reflected by small, smooth surfaces. 

Echoes have much the same effect as reverberation in that they tend to blur speech and 
music. Echoes are eliminated by first localizing them and then applying light drapes or 
other sound-absorbing materials, or by breaking up the regularity of the offending sur- 
faces by stepping, angling, etc., thereby dispersing or scattering the sound striking them. 
When it is necessary to add sound-absorbing material to correct for reverberation time, it 
is best to apply it first to the rear wall of the auditorium. Since the speakers are directed 
toward this wall it is usually the worst offender for echoes. If the side walls are parallel, 
the next best place to apply treatment material is on alternate panels of the side walls 
with the treated panels staggered so that no two untreated surfaces are opposite each 
other. This helps to eliminate flutter echo between walls. Flutter echo between ceiling 
and floor can best be avoided by specifying heavy carpeting with padding in the aisles and 
heavily upholstered seats. 

The phenomenon of resonance, or the ability to vibrate best at certain frequencies, may 
occur either in structures or in the airin rooms. The effect is a build-up or overemphasis 
of certain frequencies. Structural resonance usually is not harmful unless the resonant 
body is mechanically coupled close to the source of sound. An offending object can usually 
be located quickly by connecting an audio-frequency oscillator to the input of the sound- 
reproducing system and varying the frequency until resonance is reached. By surveying 
the room while this frequency is maintained, the vibrating object can usually be located. 
The vibration can then be eliminated by changing the mounting or adding damping ma- 
terial. Resonance in air chambers is usually encountered in small, highly reverberant 
rooms; it rarely is a problem in the main body of a large auditorium, though it may give 
trouble in smaller sections such as the stage, which usually has hard, bare, parallel walls, 
or under a balcony, in alcoves, or in foyers. ‘To eliminate such resonance conditions on 
the stage, as well as to help reduce reverberation on the stage, absorbing material should 
be draped in the region around the loudspeakers. 

Poor distribution of sound (i.e., loud and dead spots due to the shape of the auditorium) 
can usually be overcome by the proper type and proper orientation of the loudspeakers. 
This problem is discussed further in article 6. 

Noise may be defined as any unwanted sound. Noise is undesirable particularly because 
it has a masking and a frequency discriminating effect on the desirable sounds which, 
therefore, require added loudness or power to override the noise An auditorium in a noisy 
city location should have its outside walls insulated against the transmission of outside 
noises into the auditorium. See Section 12 for a full discussion of noise reduction. 

The following recommendations will serve as a guide in designing an auditorium to get 
the best results from a modern sound-reproducing system: 

1. All seats should be of the heavily upholstered type. 

2. Heavily padded carpeting should be used in all aisles and corridors. 

3. The rear wall, being potentially the greatest source of echo, should be lined with an 
efficient type of sound-absorbing material and/or sloped or otherwise shaped to direct the 
reflected sound to nearby audience or treated areas to prevent echo. 

4. Surfaces with concave curvature should be avoided as much as possible. If such 
surfaces are necessary they should be broken up with smaller convex flutes to disperse the 
sound or heavily treated to absorb most of the incident sound. 

5. Large unbroken surface areas, except when used for beneficial reflections, such as 
reflection from the splayed ceiling and walls at the proscenium, should be avoided. 

6. Long narrow auditoriums, high ceilings, and excessively long and low balcony over- 
hangs should be avoided. 

7. The cubical content of the auditorium should be made as small as possible, compat- 
ible with the seating capacity and architectural design. 

8. A rising slope in the orchestra floor should be used to give unobstructed ‘‘sound” 
lines as well as “‘sight”’ lines. 


9. All auditorium walls should provide sufficient sound insulation to prevent extraneous 
noises from entering. 


10. All machinery and ventilating noises should be isolated from the auditorium. 
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POWER REQUIREMENTS. In calculating the power requirements for a sound- 
reproducing system there are several factors to be taken into consideration. In an out- 
door installation the listener gets only the direct sound from the speakers, while in a small 
room or auditorium the total energy reaching the listener is the sum of the direct energy 
and the reflected reverberant energy. Hence the total absorption of the auditorium must 
be known to determine the acoustic power required. It is also necessary to know what 
sound pressures it is desired to attain before calculating acoustic power. For high- 
fidelity reproduction of both sound and music it is generally assumed that sound pressures 
on peaks and loud passages will reach 20 dynes per sq cm, or 100 db above the threshold 
of audibility. Finally, since we are chiefly interested in the electrical power needed in the 
reproducing amplifiers, it is necessary to consider the conversion efficiency of the loud- 
speakers and the coverage efficiency, that is, the percentage of the total radiated sound 
energy actually distributed to the required area. 

In making calculations for any given installation, the following formula is recom- 


mended: 
Sr [ AoStr | 
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_ where Sy = floor or seating area in square feet. 


Ey, = loudspeaker efficiency expressed in fractions thus, 50 per cent = 0.50. 


Ag = average absorption coefficient of room. 
Sr = total area of room surfaces in square feet. 
Rr = reflection coefficient of seating area. This equals 1 minus the absorption co- 


efficient Rr = (1 — Ap). 


The constant in this formula is calculated to give a sound pressure of 100 db. If less 
acoustic power is required, as in small rooms, the power as calculated by the formula may 
be decreased an equivalent number of decibels. For outdoor reproduction, the absorption 
is considered infinite, hence the factor in brackets goes to unity, simplifying the equation 
to P = 0.0009Sr/Ez,. Assuming an efficiency of 45 per cent, which is average for a mod- 
ern directional loudspeaker of the type used in outdoor installations, the formula becomes 
P = 0.002Sy. This indicates that, in order to develop sound pressures of 100 db without 
the benefit of reverberation, using a loudspeaker with an overall efficiency of 45 per cent, 
it is necessary to supply 2 watts of electrical energy for each 1000 sq ft of audience area. 


6. LOUDSPEAKERS 


Through the years, a good many different types of loudspeakers have been developed 
to convert electrical energy into acoustic energy (see Section 13). Among them were the 
head-phone-type magnetic-diaphragm units, the condenser speakers, the magnetic-arma- 
ture speakers, and the moving-coil-type speakers. In recent years the moving coil or so- 
called dynamic speakers have proved the most efficient, and hence this is the only type 
now in common use. The magnetic field that the voice coil moves in is supplied by a field 
coil energized with direct current or by a permanent magnet. With the new magnetic 
alloys like Alnico it is possible to get flux densities in the permanent-magnet type that are 
as great as those obtained when using an electrically energized field. Hence the efficiencies 
of the two types are comparable. The permanent-magnet type is rapidly becoming the 
most popular, because, though it is a little more expensive to build, it saves the cost of an 
electrical field supply as well as considerable additional wiring, which is quite a factor when 
a good many speaker units are located at remote points. Aside from the type of field, 
dynamic speakers are classified in two general types: (1) the direct radiator type and (2) 
the horn type. The direct radiator type uses a large cone with a relatively small-diameter 
voice coil for a radiator. This unit is generally mounted on a flat baffle or in a cabinet. 
The horn-type unit has a relatively small diaphragm driven by a large-diameter coil. This 
unit is specifically designed to be used with a directional type of horn. 

The direct radiator or cone type of speaker on a flat baffle-is generally used in small 
spaces such as hotel guest rooms, school classrooms, or hospital ward rooms. Although 
this type of loudspeaker is frequently considered non-directional, it has a definite distri- 
bution angle, particularly at the higher audio frequencies. For a rough approximation 
at the most important frequency range, this angle may be considered to be 90°, that is, 
45° off from either side of the central axis. Since the shape of the cone is symmetrical, 
this distribution angle is the same for both the horizontal and vertical planes. In de- 
termining the number of speaker units to place in a given room, not only the power- 
handling capacity but also the coverage must be considered. A floor plan of the room 
may be sketched to scale, and speakers may be located, and the coverage of each plotted. 
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If the distribution angle of one speaker does not cover at least 75 per cent of the total area, 
two or more speakers should be placed along the wall until this much of the area is covered. 
All speakers must be connected to operate in phase. When speakers of this type are used 
for incidental music such as in a hospital or restaurant it is preferable to increase the num- 
ber of speakers and hence cut down the power per speaker to get the most uniform sound 
intensity throughout the room. 

For larger installations in auditoriums or in unconventionally shaped rooms much more 
efficient distribution of sound energy can be obtained through the use of horn-type loud- 
speakers with directional horns. The more concentrated beam distributes the sound in 
the desired area and at the same time keeps it off walls and ceilings, hence helping to 

_avoid serious echo effects. In de luxe installations where high-fidelity reproduction of 
music is desired best performance can be obtained by using a two-way speaker system with 
multicellular exponential high-frequency horns and a folded baffle for the low-frequency 
speakers. 

In auditoriums or theaters, the location of the speakers for best illusion is usually above 
and to the front of the proscenium arch. If this location will not allow for the projection 
of sound into the rear of the orchestra floor under the balcony, it will be necessary to place 
additional speakers to the sides of the proscenium directed to cover this area. These 
speakers should be kept as high as possible and should be angled to get as little sound as 
possible into the front rows of seats. When locating speakers, caution should be used to 
see that the projected sound beam does not pass through the microphone pick-up area 
where it would cause acoustic feedback and hence limit the gain of the reinforcing 
system. 

When more than a single speaker unit is used, it is essential that all units operate in 
phase. On better speakers, the phasing is carefully controlled in production and the 
terminals of the speaker are marked so it is only necessary to connect all similar terminals 
together to get proper phasing. If the speakers are not marked it is possible to energize 
the speaker fields and then apply a small d-c voltage to each voice coil. By reversing the 
polarity of the battery it is possible to determine to which terminal of the speaker the pos- 
itive terminal of the battery should be connected to give a forward deflection of the speaker 
diaphragm. If these positive terminals are connected all the speakers will be properly 
phased. 


7. AMPLIFIERS AND CONTROL EQUIPMENT 


Before selecting the proper amplifier for a given installation it is necessary to determine 
the power requirements as described in article 5. Strict adherence to this formula in small 
auditoriums might indicate relatively low power requirements; however, the Research 
Council of the Academy of Motion Picture Arts and Sciences recommends a minimum of 
10 watts of audio power for the smallest of theaters. Though the average power used in 
normal reproduction will be considerably below this figure, the reserve power will make 
it possible to reproduce peaks and loud passages without distortion. This minimum of 
10 watts is recommended for auditoriums up to 500 seats. The recommended power rises 
approximately 10 watts for each additional 500 seats. In multiroomed installations like 
hotels, the total power requirements are found by adding up the power requirements of 
the individual rooms. Systems of this type frequently have a varying use factor for each 
room so that all rooms might not have to be supplied simultaneously. Although this 
use factor varies widely with different types of installations, the suggested values for hotels 
are: 100 per cent for a single channel installation, 90 per cent for two channels, 75 per cent 
for three channels, and 60 per cent for four channels. 

For theatrical use the amplifiers should be capable of reproducing all frequencies within 
the range of 50 cycles to 10,000 cycles. 


PUBLIC-ADDRESS SYSTEMS 


By R. J. Kowalski 


Public-address systems fall in two general classifications according to application. A 
system for amplifying speech or music presented directly to a large audience, whether in 
an auditorium or out in the open, is appropriately named a sound-reinforcing system. A 
system by which a speaker at a central location addresses people simultaneously at various 
locations is known as a paging system. In general, the equipment specifications for sound 
reinforcing, particularly indoors, are more exacting than those for paging applications. 
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8. INDOOR SOUND-REINFORCING SYSTEMS 


The essential requirements of a sound-reinforcing system are that it must pick up all 
desired sounds and project them, unaltered, with sufficient intensity and distribution to 
all listeners within a given area. For maximum effectiveness, the system should function 
so as not to detract the attention of the listeners from the performers. 

When installing a reinforcing system in an auditorium, particular attention should be 
given to the acoustic conditions. A certain amount of the sound energy emanating from 
the loudspeakers finds its way back to the microphone. Unless the difference between 
the level of the sound energy leaving the speakers and that arriving at the microphone is 
greater than the gain of the system amplifier, the system will oscillate because of acoustic 
feedback. Directional microphones aid in avoiding feedback, because, with them, it is 
possible to position the axis of maximum response toward the desired sound and the null 
axis toward the reflected sound. Mounting the microphones in acoustically treated com- 
partments in the footlight trough also shields them from considerable reflected sound. 
Unless feedback can be corrected by repositioning the microphones or redirecting the 
loudspeakers it will be necessary to limit the gain of the amplifier and hence the amount 
-of reinforcing obtained. However, if the auditorium is well designed acoustically, there 
should be no difficulty in getting sufficient amplification before feedback occurs. 

The sound-reinforcing equipment in large auditoriums and theaters is usually custom 
built and permanently installed. The microphones and preamplifiers are broadcast 
quality, and the main amplifiers and loudspeakers are generally of the type used in sound- 
motion-picture reproduction. The amplifiers should have uniform frequency response 
over the complete range of audio frequencies from 50 to 10,000 cycles. The amplifier 
output capacity should be such that at least 1 acoustic watt per 1000 ft of floor space can 
be delivered. The amplifier should be able to deliver this amount of power with less than 
2 per cent total harmonic distortion over the range from 50 cycles to 5000 cycles. The 
loudspeaker system should have directional horns to distribute the sound energy efficiently 
in the proper area. Many theaters employ two-way speaker systems for their reinforcing 
systems as well as for the movie-sound system. The two-way system assures uniform, 
highly efficient operation over the complete audio spectrum. The input equipment should 
be highly flexible to accommodate a wide variety of microphone combinations because dif- 
ferent types of programs require different pick-up arrangements. See article 2. Where 
the pick-up area is great, such as an entire stage area for vaudeville and stage productions, 
microphones are usually located in the footlight troughs, suspended from the scenery 
drops, and sometimes concealed in stage props. The optimum spacing of footlight micro- 
phones has been found to be 8 to 10 feet. In order to control the input from all these 
microphones to get the proper balance in sound levels, a mixer is required with controls 
for each input. The most satisfactory location of the mixer console is somewhere in the 
audience area, preferably at the head of the balcony where the operator can hear the 
direct sound from the system speakers and adjust the various inputs for best balance. 

An excellent example of a high-quality sound-reinforcing system is the one at Radio 
City Music Hall, New York City. Because of the width of the stage, a three-channel re- 
inforcing system is used to obtain the best possible illusion. The stage microphones are 
split into three groups: right stage, center stage, and left stage. Each group is fed through 
its separate section of the mixer console, then to its separate amplifier, and thence to the 
speakers over the proscenium arch. The speakers, too, are split into three groups which are 
fed by the three amplifier channels. Therefore, a sound originating on the right side of the 
stage is picked up by the right-side microphones, amplified by the right channel amplifier, 
and reproduced by the right group of loudspeakers. As an actor moves across the stage the 
sound moves with him, creating an excellent illusion. Sound reproduction in this system 
is so well balanced that, despite the tremendous size of the auditorium, the people in the 
remotest corners can hear as well as those seated up front. 

Besides these large, expensive systems, many small portable systems are available 
commercially that can be used for meetings, banquets, etc., in small rooms. These sys- 
tems generally contain microphones, folding microphone stands, amplifier, and loud- 
speakers all in one compact carrying case. The sides of the case serve as baffles for the 


speakers when they are put in use. 


9. OUTDOOR SOUND-REINFORCING SYSTEMS 


Sound-reinforcing systems for outdoor use are generally higher powered than indoor 
systems, because the average area to be covered is greater, and the power per unit area is. 
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also greater since there is no beneficial reverberation to augment the direct sound. In 
order to utilize the available sound energy most efficiently, highly directional loudspeaker 
horns are used almost exclusively for outdoor work. Since the low-frequency cutoff on 
practical sized horns of this type is well up in the audio-frequency range, the system 
fidelity is not generally as good as that found in indoor systems. The fidelity could be 
improved with a more expensive speaker set-up; but, in most cases, intelligibility is more 
important in outdoor systems than fidelity. Since the low-frequency tones do not con- 
tribute materially to intelligibility, they may be sacrificed in the interest of holding down 
the practical size of the equipment. As in indoor systems, the loudspeakers should be 
located to give the best illusion; but they should be carefully directed to prevent any 
direct energy from reaching the microphone and causing feedback. This problem is ob- 
viously much less serious in outdoor than in indoor installations. 

For indoor work, the ribbon-type velocity microphone is the most popular because of 
its uniform frequency response, its useful directional pattern, and its ability to pick up 
sounds at a considerable distance. In outdoor work this microphone is not too satis- 
factory because it is somewhat fragile and is subject to extraneous noises generated by the 
wind disturbing the ribbon. A much better microphone for this application is the dy- 
namic pressure type. 


10. PAGING SYSTEMS 


Although the sound-reinforcing application of public-address equipment is probably 
more familiar to the layman, paging systems have become even more important. During 
the war years, large permanently installed plant broadcast systems became vital parts of 
most big factories, making it possible to locate key men quickly in the acres of floor area, 
and to coordinate production activities throughout the plant. Announce systems of 
many types, installed on practically all fighting ships of the fleet, proved to be the most 
important means of internal communication. New-type announcing systems for schools 
make it possible to communicate quickly with all rooms and to distribute educational pro- 
grams as desired. Besides these, there are hundreds of more commonplace applications 
like train announcers at railroad stations and call systems in hospitals, hotels, restaurants, 
and other business establishments. 

PLANT BROADCAST SYSTEMS. Though the leading manufacturers are building 
equipment components specifically designed for industrial use, there is no such thing as a 
universal industrial sound system. The desired services, plant layout, and conditions of 
operation vary so greatly that each installation becomes a custom-engineered job. Some 
of the many services furnished by a properly designed and managed industrial system 
are: 

1. Paging. The telephone operator or a special paging operator, through announce- 
ments to selected areas of the plant, can quickly locate personnel. 

2. Emergency and alarm. By using combinations of special signal generators and 
verbal announcements the system is highly effective in fire, damage, and accident control. 

3. Time signals. The system may be connected to the main time clock to broadcast 
time signals at preselected intervals. 

4. General announcements. The paging operator or one of the plant executives may 
use the system to supplant the bulletin boards for messages pertaining to plant operations. 

5. Work music. To increase the efficiency of personnel, planned music programs may 
be given at periodic intervals during the work period. The source of the music may be 
recordings, a wired-in service, or radio programs. 

6. Entertainment. During rest or lunch periods, programs may be presented by live 
talent, such as employee groups or visiting celebrities. 

7. Morale building. The system may be used to bring about more personal contact 
in personnel relationship through inspirational messages, drives, safety campaigns, and 
announcements of general interest. 

In recent years many scientific tests have been made on the value of music in industry. 
These have proved that periodic musical intervals have a beneficial effect on most types of 
workers, but especially on those engaged in repetitive manual operations associated with 
modern assembly-line manufacture. The chief effects are the relief of fatigue and bore- 
dom and the dispelling of nervous tension. Tangible results have been accomplished in 
the reduction of labor turnover, reduction of accidents, increased production, and im- 
proved quality of product. 

The central control equipment of the average plant broadcasting system is located in a 
sound-treated room that serves as a studio. The central control console, or mixer, is 
located here to control the various inputs. These inputs may include a paging microphone, 
one or more studio microphones, one or more executive microphones in the executive 
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offices, one or more radio inputs, one or two phonograph turntables, time clock signal 
generator, and possibly a fire or other emergency alarm signal generator. The mixer 
console should include an attenuator to control each input and a master attenuator to 
control the overall level of any combination of inputs. It should also include a volume- 
indicator meter to permit the operator to maintain the proper signal level on the system. 
The output of the mixer is fed into a program amplifier which in turn feeds a group of zone 
selector switches on the operator’s console. In almost any setup it is best to divide the 
plant into convenient zones or areas for programming and paging. In a simple system the 
division might merely be “‘offices” and ‘‘factory,’”’ but in a larger plant an individual zone 
might be established for each building or each department. This makes possible selective 
announcements or paging calls to any one part of the plant. The output of the zone 
switches is fed to the individual zone power amplifiers that drive the loudspeakers in each 
zone. If the plant is small and all zones are in a single building, it is best to install all the 
zone power amplifiers in the studio or equipment room so that they will be in a central loca- 
tion to facilitate service work. However, if the plant is spread over considerable area, or 
in many buildings, it is best to mount the zone power amplifiers in the buildings they 
serve. The input signal can be fed from the studio at the zone power amplifier at zero 
level over standard telephone lines which normally link most buildings of a large plant. 
+ ae is more economical on amplifier power than trying to feed high-level energy over long 
ines. 

In a larger system it might be desirable to have provisions for sending two different 
programs to different areas simultaneously. This is especially helpful when an urgent 
paging announcement has to be sent to one zone during a regular musical program. The 
particular zone can be paged on a separate channel without disturbing the music going 
out to the other zones. To do this, it is necessary to add a second program amplifier and 
another volume indicator meter to monitor the level on this second channel. Each input 
switch should be a three-position switch so that, besides an ‘“‘off’’ position, any of the in- 
puts may be connected to either of the two program amplifiers. The zone selector switches 
should also be three-position switches so any zone may be connected to either of the two 
program channels or may be completely disconnected. In plants subject to serious 
emergencies, the switching arrangement may be so arranged that, whenever the alarm 
signal generator is sounded, it takes priority over all other inputs and is automatically 
fed to all loudspeakers regardless of the position of the zone switches. Alarm contactors 
to energize the signal generators may be located throughout the plant at critical points. 

Associated with the studio equipment should be a monitor speaker with a switch which 
enables the system operator to monitor audibly any program going out to the plant or to 
check on proper tuning of the radio receiver before connecting it to the program bus. 
Adjacent to the studio should be a suitable storage room for storing the record library for 
musical programs as well as spare microphones, etc., for the system. Jecords for in- 
industrial use should be selected with some care. In general popular records are suitable 
for factory working periods with possibly light classical music for the plant restaurant 
during the lunch hour. Considerable research has been done on the psychological effects 
of different types of music. By reference to the bibliography following this article, ad- 
ditional information on this subject may be obtained. From a practical standpoint, 
since most factories are rather noisy the recorded music selected should have fairly con- 
stant level. If a recording having very loud and very soft passages is reproduced in a 
noisy area, the low passages will be lost completely unless the overall level is made so high 
that the loud passages are annoying. 

The primary design consideration for equipment for industrial use is ruggedness. In 
many cases the equipment will have to operate continuously through a 24-hour working 
day. All components should be conservatively rated so they are used well within their 
capacity and hence will give long life. Precautions should be taken in the design of the 
switching system so that the equipment cannot be damaged by improper operation of the 
controls. Occasionally inexperienced personnel will attempt to operate the equipment, 
and so these safeguards are necessary. 

The necessary overall fidelity of the equipment varies with the application and the 
noise levels encountered. If the system is to be used solely for verbal announcements, 
an overall frequency response of 300 to 3000 cycles is adequate; however, if music is to be 
reproduced, the response should extend from 50 to 10,000 cycles. This wide frequency 
range is not merely to give high-fidelity reproduction but also to add needed definition to 
music being reproduced under adverse conditions. Noise generally occurs at specific 
frequencies. If the music is reproduced with a limited band of frequencies, some of the 
frequencies will coincide with those of the noise and hence will be masked. The loss of 
certain notes reduces the definition of the music and makes it hard to follow. Of course, 
the difficulty can be overcome by making the volume louder to override the noise, but this 
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might make the music annoying. By extending the frequency range, the definition may 
be improved without increasing the overall volume. 

Plant noise levels and the shape of the building determine the size, type, number, and 
locations of loudspeakers. In high-noise areas, best results are obtained from horn-type 
loudspeakers which can direct the sound energy to the important areas. However, if the 
noise level is below 90 db, well-baffled cone-type loudspeakers should be used. It is pos- 
sible to get more uniform distribution over wide areas with this type of speaker. The 
power required for any given zone may be computed fairly accurately by means of the 
formula given in article 5. Where the existing noise level is above 100 db, the power as 
computed by the formula should be increased accordingly. Most standard types of 
microphones are suitable for reproduction from a studio; but if the microphone is located 
in a high-noise-level area out in the plant, a specially designed close-talking microphone 
should be used to reduce the response to unwanted room noise. A phonograph turntable 
for industrial use should be weighted and dynamically balanced, and it should be driven 
by a heavy-duty motor to insure constant speed. Home-type record changers should 
never be used in an application such as this. 

Before actually selecting the equipment for a particular plant, a thorough plant survey 
should be made. This survey should supply the following information: 

1. Noise. All sources of noise should be located on a copy of the plant’s floor plans as 
well as the average level of the noise in all areas. This information can be quickly ob- 
tained with a portable sound-level meter. 

2. Coverage. On the basis of the above measurements, the types of speakers should 
be selected and their locations marked on the print. 

3. Plant zoning. All areas should be zoned with reference to industrial operations for 
determining switching requirements. 

4. Locations. The location of the studio, input sources, amplifier equipment, and con- 
trols should be determined and marked on the prints. 

5. Special considerations. Any special information such as desired priority of signals 
and temporary microphone locations should be noted. 

On the basis of the above information it will be possible to engineer a system that will 
exactly fill the needs of the plant. To fill the needs of a wide variety of different plants, 
some manufacturers have designed a series of very flexible sectionalized units which may 
be put together like building blocks to make up any desired type of system out of standard 
equipment. 

NAVY ANNOUNCE EQUIPMENT. A modern fighting ship is a complex organization 
with a huge staff of personnel engaged in a wide variety of activities necessary to operate 
it. To coordinate all these activities it is necessary to use a shipwide, selective, announce 
system. When the ship is under way, the orders originate on the bridge; when the ship 
is in port, the ship’s control center is the quarter deck, hence orders. originate from this 
station. The ship is divided into sections so that orders may be issued to selected sec- 
tions. In addition, each section is subdivided into smaller subgroups which can be sep- 
arately disconnected in the event of battle damage; then if one speaker line is shorted, 
it may be cut loose so that it does not affect the rest of the system. Besides the shipwide 
general announce system, a large ship has many more specialized systems such as: (1) the 
engineer’s announce system between the engineering log room and the various fire rooms, 
boiler rooms, and other engineering spaces; (2) the damage control system between the 
damage control office and several damage control stations; (3) turret control systems for 
communication between the turret captain in each of the primary battery turrets and the 
gun pointer, the gun layer, and the various shell-handling and power-handling decks below 
the turret; and (4) the secondary battery announce system communicating between the 
gun directors and the gun mounts of the secondary batteries. Moreover, there are high- 
powered systems using a single loudspeaker that can be directed for ship-to-ship, ship- 
to-dock, and ship-to-plane sound communication, and a variety of low-powered inter- 
communication systems between specialized points. 

The requirements for ruggedness in ship equipment are even more exacting than in 
equipment for industrial uses. All ship equipment must be shockproof, and loudspeakers 
on the weather decks should be weatherproof, watertight, and blastproof to stand the 
pounding seas and the terrific concussion of gunfire. Microphones are generally of the 
close-talking dynamic type to reduce the response to undesired noises. 

SCHOOL SYSTEMS. Small specialized versions of industrial systems have been 
designed for school use. The control console is located in the principal’s office, where 
announcements and programs originate. The control console has a selector switch for 
each room so that announcements may go to any room or any group of rooms. A special 
connection with a talk-back amplifier makes it possible to use each classroom speaker as 
amicrophone. In this way, it is possible to establish two-way communication between the 


RECORDING PRACTICES 16-19 


principal and any of the teachers. Available inputs besides microphones include a radio 
tuner and a record player. 

The main features of school equipment should be simplicity of controls and relatively 
low cost, which is achieved by a slight sacrifice in overall quality of reproduction, while 
maintaining a safety factor in the choice of component parts to insure dependability of 
operation. 
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SOUND RECORDING AND PROJECTION 


11. RECORDING PRACTICES 
By O. B. Gunby 


Sound motion pictures are released extensively, either 16 mm or 35 mm, depending upon 
the application. The use of 16-mm film is on the increase in advertising and educational 
fields. The majority of the studios make all their pictures on 35-mm film, even though 
some of them will be reduced to 16 mm before release, because of the greater flexibility 
obtainable from the 35-mm equipment commercially available. 

Recent trends in the design and operation of sound-motion-picture equipment include 
the general use of electronic mixers (volume compressors) or limiters to vary the volume 
range of the recordings or to prevent overloads on loud signals. Also, particularly in the 
recording of music, synchronously driven acetate recordings are often made so that an 
immediate playback of the recorded material is possible, thus permitting a quick and ac- 
curate check on quality. 

A block diagram of a typical production-type dialogue channel is shown in Fig. 1. The 
same type of a channel may be used for recording sound effects or for the recording of 
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Fie. 1. Simplified Scoring or Dialogue Recording Channel 
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music, which is usually referred to as scoring. For scoring, however, it is customary to 
use more microphone inputs than are indicated for a dialogue channel. Since the picture 
is usually made before the music is recorded, a motion-picture screen is generally provided 
on a scoring stage so that the orchestra leader can watch the picture while he is directing 
the orchestra. 
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In a dialogue channel the microphones are usually located 4 ft or less away from the 
actors, but out of range of the camera. The microphones are usually mounted on long 
adjustable booms so that they can be moved to follow the action closely and yet avoid the 
camera. Microphones of the unidirectional type are used frequently because of their 
ability to discriminate between the wanted sound from the set and the extraneous noises 
from other directions. 

The sound stage in which the recording channel is used must be constructed to exclude 
external noises. This frequently involves double wall construction with intervening air 
spaces and accoustic treatment on the interior to provide the desired reverberation time. 

The mixer is located near the set in a position where the operator has an unobstructed 
view of the action being recorded. This helps him to anticipate changes in mixer adjust- 
ment to suit the sound source. Monitoring is accomplished with high-fidelity headphones. 
The remainder of the recording channel may be located in a small room on the sound 
stage, in a recording truck parked adjacent to the stage, or in a centrally located buitding 
on the studio grounds and connected to the sound stage by suitable transmission lines. 

Figure 2 is a block diagram of a typical rerecording channel. It is essential that the 
console be installed in a room having acoustic properties comparable to those of an average 
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theater so that the desired sound quality may be determined through the monitor speaker 
system as the numerous sources are blended together to make a final sound track. 

The various sound sources are usually recorded on separate films in order to provide 
the desired degree of flexibility. In general, the sound tracks will include dialogue, music, 
and any number of sound-effect tracks that may be required. These films are threaded 
in separate film phonographs whose audio outputs are individually controlled by the 
operator at the mixer console. The threading of the films is indicated by suitable marks 
so that sound and picture are synchronized. The various film-handling machines are 
prt by Selsyn motors which provide an electrical interlock during the operating 
cycle. 

During a rehearsal the film phonographs and the projector are run by the Selsyn driving 

system, and the operator varies the audio signals from the film phonographs to fit the mood 
of the picture. Several rehearsals are usually required in obtaining the desired effect. 
Once this has been achieved, the films are rethreaded and another run is made, including 
the film recording machine. During this run the operator endeavors to repeat the changes 
in level, etc., that were made during the successful rehearsal. The procedure is repeated, 
if necessary, until a satisfactory rerecording is made. 
‘ During the rerecording process, in addition to changes in level that are made in the 
incoming signals, changes may also be made in the frequency response to adjust for day- 
to-day differences in the original recording or to obtain certain special effects such as tele- 
phone quality, old phonograph quality, and so forth. 
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The more progressive studios usually have facilities for the control of reverberation. 
A reverberation chamber is one means of control. A portion of the sound requiring re- 
verberation is fed into a loudspeaker in the chamber; the sound is picked up by a micro- 
see located in the same room and mixed with the original sound to obtain the desired 
effect. 

A third type of recording channel, the single-film system, is shown in Fig. 3. This 
channel is generally used in the field for the original recording of newsreels and to a lesser 
extent for recordings on locations impractical for recording with the more cumbersome 
production-type channels. As the RecURATe 
name implies, this system uses one 
film on which both the picture is 
photographed and the sound is re- 
corded. 

The more modern equipments 
use a specially designed camera 
having in it a mechanically filtered 
drum on which the light beam from 
a compact recording optical system 
can be focused. With some equip- 
ments, a conventional camera is 
used and the sound is recorded 
directly on the camera sprocket. 

The amplifier is designed to have 
small size, light weight, and low 
power drain, and the facilities pro- 
vided are kept to a minimum. 
Power for the amplifier, exposure 
lamp, and camera motor are often 
provided by a single small low- Fig. 3. Single Film Recording Channel 
voltage storage battery. 

Some newsreel channels use class B pushpull recording since this type of track provides 
excellent noise reduction by optical means and does not add to the size, weight, or power 
drain of the equipment. This track requires rerecording to standard track before it can 
be released to theaters, but since it is always rerecorded to provide sound effects, music, 
etc., this requirement presents no problem in the production of the newsreels. 

Modern recording equipments are capable of producing films having a flat frequency 
response Over a range greater than 30 to 10,000 cycles and a volume range in excess of 50 
db. However, in practice it is usually found desirable to restrict the frequency range from 
about 70 to 7000 cycles and the volume range to approximately 20 to 25 db. This limita- 
tion in frequency and volume range is a compromise resulting from the necessity of evolving 
a technique that provides commercially acceptable sound quality while recognizing the 
following variable factors: (a) reasonable quality tolerances for each of the steps in sound 
motion picture production, (b) the wide variety of conditions under which sound films are 
reproduced in the many theaters. 
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12. PROJECTION PRACTICES 
By J. D. Phyfe 


The sound-reproducing system of a modern motion-picture theater is the combined prod- 
uct of many highly specialized arts and sciences, embracing the fields of optics, acoustics, 
electronics, and mechanics. 

The following description of the major component items of a typical sound-reproducing 
system will illustrate how these components are combined into a complete system. 

The equipment housed in the projection room usually consists of two picture projectors 
and associated lamp houses, two soundheads which are mounted below the projector 
mechanisms, and an amplifier system. The projectors and soundheads for all theaters 
are quite similar, the power output rating of the amplifier and loudspeaker systems being 
modified to compensate for changes in the seating capacities of various theaters. 

The sound-reproducing industry has set progressively higher standards of performance, 
as exemplified in constant development work fostered by all manufacturers of theater 
equipment. Tentative standards of reproduction have been established by the Research 
Council of the Academy of Motion Picture Arts and Sciences. 

The film, upon which are photographed both the picture and sound records, must be 
moved through the mechanism of the soundhead at a constant rate of speed to insure a 
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high quality of sound reproduction free from ‘‘wows’’ or “‘flutter.’”” These terms denote 


minute variations in the speed of the film. 

Advances have been made in the design of the film-moving mechanism to reduce to a 
minimum irregularities in speed of the film. Two types of film motion filter are in cur- 
rent use, both employing a film-driven rotating drum coupled to a flywheel. One type, 
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Fia. 4. Soundhead Film Motion Filter (Rotary Stabilizer) 


known as the Rotary Stabilizer (see Fig. 4), consists of two flywheels connected by a 
viscous medium. The other type utilizes a solid flywheel in conjunction with a dampened 
idler roller for its filtering action. 

A picture of a modern soundhead is shown in Fig. 5. The view is of the ‘‘operating 
side” of the unit through which the film passes. 

Light from a source termed an “‘exciter lamp’’ passes through an optical system where 
the dimensions of the beam are rigidly defined into a narrow slit 0.00125 in. wide and 
0.084 in. long. This slit image is focused upon the sound track of the film, which is moving 


Fie. 5. Operating Side of Modern Soundhead 


and presenting a continuously variable ratio of clear film to the dark or exposed area of the 
film that is being scanned by the light (Fig. 6). The film effectively serves to control the 
transmission of the light in conformity with the light and dark areas that comprise the 
sound record. The variation in the transmission of light is translated into a corresponding 
variation in current by means of a photoelectric cell. (See Section 15, article 7.) 
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Because the photocell currents are weak, it is necessary to provide a means of ampli- 
fication; this may consist of a one- or two-stage voltage amplifier. Amplifiers are usually 
separate units, either incorporated into the soundhead or mounted on the front wall of the 
projection booth near the soundhead. They may also be placed in the main amplifier 
rack and coupled to the soundhead by means of transformers or suitable low-capacity 
coaxial cables. 

Further amplification of the photocell voltage is furnished by the main or power ampli- 
fier, raising the low-level currents to a satisfactory value where they can be made to operate 
the theater loudspeaker system. 

In order that the projectionist be informed constantly of both the volume level and 
quality of the sound, a small monitor loudspeaker is installed in the projection room. 
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Equalizers are frequently employed to adjust the electrical response characteristics of the 
amplifier system so as to provide optimum acoustical results in a given theater. 

It is common practice to select the output of the desired soundhead by alternate switch- 
ing of the exciter lamp currents or by selecting the audio output of either soundhead by 
means of a ‘change-over switch”’ or ‘‘fader.”’ 

The projectionist is notified of the proper time for making the change-over between 
projection equipments by two small cue marks. These marks-will appear in the picture 
area of the film and are visible on the screen. The cues are placed several seconds apart 
on the film as it passes through the outgoing projector. The first mark signals the oper- 
ator to start the motor of the incoming machine. The second cue mark, appearing shortly 
after the machine has attained full operating speed, marks the point of actual change-over. 
The picture is switched by an electric dowser actuated by a foot switch operating in syn- 
ehronization with the sound change-over. 

TWO-WAY LOUDSPEAKER SYSTEM. The loudspeakers employed in theater 
sound reproduction are located behind the picture screen. Small perforations in the 
screen, not noticeable from the seating area of the theater, permit the sound to pass readily 
through the screen. <A typical two-way loudspeaker system is shown in Fig. 7. 
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The wide frequency range and the large power-handling requirement of modern theater 
loudspeaker systems cannot be met by a single speaker mechanism. The result has been 
the development of the two-way loudspeaker in almost universal use today. For the 
higher frequencies, a unit having a small light-weight diaphragm coupled to a multicellular 
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directional horn is employed. The low-frequency portion of the signal is assigned to a 
unit having a larger diaphragm coupled to a very large horn or baffle. The division of the 
high- and low-frequency components is accomplished electrically through a ‘‘cross-over 
network.” The schematic diagram of such a network appears in Fig. 8. The cross-over 
frequency is in the region of 400 cycles. 
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Fia. 8. Schematic Diagram of Crossover Network for Two-way Loudspeaker System 


A block schematic of a complete theater sound-reproducing system is shown in Fig. 9. 
The relative circuit positions of the components covered above may be readily observed. 
RECENT DEVELOPMENTS. Recent achievements in motion-picture-sound engineer- 
ing are the development of the control-track system of reproduction and the drive-in type 
of theater. The first-named system employs a control track consisting of variations in 
the area of exposure of the small portion of film lying between adjacent sprocket holes. 
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The system has been utilized to produce a 96-cycle tone, the frequency being governed by 
the number of sprocket holes per second passing a small scanning light. The wariations 
in light actuate a separate photoelectric cell as described earlier in this chapter. The 
photocell current, after amplification, is rectified and used as a control voltage to regulate 
the output level of the main theater amplifier and to cut into operation an auxiliary loud- 
speaker system placed at each side of the picture screen. This complete system permits 
a tremendous volume range not otherwise obtainable and provides a wider source of sound 
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Fie. 9. Overall Block Diagram of Theater Sound-reproducing System 


during loud passages than speakers alone placed behind the screen; it heightens the dra- 
matic effect of certain loud passages. 

DRIVE-IN THEATERS. The popularity of the drive-in type of theater has increased 
considerably during the last few years. The picture is shown on a large outdoor screen. 
The patrons remain seated in their automobiles, which are located in an arc to permit 
viewing the picture through the windows. The trend is toward the use of individual 
loudspeakers which may be placed inside the cars. 
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RADIO TELEPHONE BROADCASTING 


By Howard A. Chinn 


Radio broadcasting is a means for delivering intelligence for general reception at distant 
points. A complete system consists of: (a) a radio broadcasting transmitting system; 
(b) the medium through which transmission takes place; (c) a number of receiving in- 
stallations. 

A radio broadcasting transmitting system consists, essentially, of: 

1. A studio, stage, theater, auditorium, or other suitable place for the performance that 
is to be broadcast. (See article 1, above.) , 

2. An acoustoelectric device (microphone) actuated by sound energy and delivering 
electrical energy. (See article 2, above.) 

3. Amplifiers for increasing the amplitude of this electrical energy. (See article 3 
above.) 

4. Control equipment for the regulation and adjustment of this electrical energy. (See 
articles 3 and 4 above.) 

5. Wire lines to carry the electrical replica of the original sound waves from the studio 
to the radio transmitter. 

6. Radio transmitter for converting this electrical energy into radio-frequency energy. 

7. Antenna system for radiating the radio-frequency energy into space. 
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A schematic diagram of a typical broadcast transmitting system, showing the general 
type of circuit layout employed, is given in Fig. 1. A single studio and a single remote 
pick-up point are represented, each such point requiring a duplicate of the equipment 
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Fia. 1. Broadcasting System Layout 


shown, up to and including the relays associated with the outgoing lines to the various 
networks. 

The first four items listed above as parts of a complete broadcasting system have been 
described in detail in the opening articles of this section, ‘“Audio Facilities for Sound 


Systems.’”’ The remaining items listed are more or less peculiar to broadcasting systems 
and are covered below. 
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13. PROGRAM DISTRIBUTION SYSTEMS 


NETWORK SWITCHING EQUIPMENT. The key stations of a network of broad- 


: casting stations must provide means whereby the output of any studio may be distributed 


to any of the networks or combination of networks radiating out from the city in which 
the key station is located. Frequently different programs, coming from different origina- 
tion points, are simultaneously sent to the various legs of the network radiating from the 
key station. In order to accomplish these operations switching means are used which 
permit the connection of a line amplifier across the program bus of the desired program 
source. 

The facilities for switching are usually such that the proper studio and network line-up 
may be arranged previous to “‘air time’? but without actually connecting the studios in- 
volved to their respective networks until a master switch is operated. Upon the proper 
cue, or at the proper time, operation of the master switch connects the various studios in- 
volved to the right networks. The actual switching is seldom accomplished by manually 
operating the switches but rather through the medium of conveniently located relays 
which are remotely controlled from the operating desk. 

BRIDGING AMPLIFIER. The purpose of the bridging amplifier is to isolate the out- 
going ‘‘radio”’ lines from one another and to provide a means of connecting any number of 
outgoing lines to any program source, at will, without causing any unbalancing or imped- 
ance mismatch of the equipment line-up. If two or more outgoing radio lines feeding 
different networks, but carrying the same program, were to be connected in parallel and 
thence to the output of the program amplifier, then, should any noise, ground, or other 
fault develop on one line, it would affect the operation of the others. By placing a bridg- 
ing amplifier (which is, of course, a one-way device) in each line, complete isolation is ef- 
fected and there is no possibility that one line will affect others being fed from the same 
studio. 

The bridging amplifier also permits the connection of any reasonable number of lines 
to the output of a given studio amplifier without causing an impedance mismatch which 
would adversely affect the operation of the system. To accomplish this connection, the 
output of the program amplifier is terminated in a resistance of the proper size, thereby 
presenting a practically constant load for the amplifier. The input impedance of the 
bridging amplifier is then made very high and is ‘‘bridged”’ across the desired program bus 
without appreciably affecting the load impedance being presented to the output of the 
program amplifier. 

A bridging amplifier is associated with each of the outgoing lines leading to a local 
transmitter or to a network of stations. 
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14. PROGRAM LINES 


Telephone lines are employed for the purpose of transmitting a program from one studio 
or station to another station. The facilities involved may be divided into two classes: 
(1) local lines for connecting the studio remote pick-up points, such as athletic fields, 
theaters, and hotels, and also those lines used for connecting the studios to the local trans- 
mitter; (2) long lines interconnecting a network of transmitting stations throughout the 
country. 

LOCAL LINES. When the stations involved are in the same city the line connecting 
facilities are known as loops. These relatively short lines may, by the employment of 
proper terminal equipment, be made to have an essentially flat transmission vs. frequency 
characteristic over the entire range of audio frequencies necessary for high-fidelity broad- 
cast service (see Section 16, article 18). In order to obtain this desirable feature the 
natural attenuation characteristics of the lines, which for the most part are cable circuits, 
are modified at the receiving terminals by means of an attenuation equalizer. 

LONG LINES. If the stations to be interconnected are in different cities the connect- 
ing facilities consist of special telephone lines which are either non-loaded open wire or 
loaded cable circuits (see Section 17, article 18). Present: cable facilities are loaded at 
intervals slightly in excess of 1/2 mile. Amplifiers, equalizers, and phase correctors are 
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installed at approximately 50-mile intervals on cable circuits and about 125 miles apart 
on open wire facilities. The cable circuits have automatic regulators installed about 
every 150 miles in order to keep the loss of the circuit independent of the temperature 
along the circuit. 

Attenuation equalizers are employed on these circuits just as in local lines. Velocity 
correctors (see Section 5, article 10, and Section 17, article 18) are also necessary to com- 
pensate for the natural characteristic of the lines which results in an unequal time delay 
in the transmission of the various component waves of different frequencies. In circuits 
less than 500 miles long these devices would not be necessary, but with present circuit 
requirements of 2000 to 3000 miles they are indispensable. 

Long-line facilities are available with overall transmission vs. frequency characteristics 
that are essentially uniform over the entire audio-frequency range necessary for high- 
quality broadcasting. 

ATTENUATION EQUALIZER. (See also Section 17, Article 18.) An attenuation 
equalizer is bridged across the receiving terminals of a line in order to modify the natural 
characteristics of the line so as to provide a circuit having an essentially uniform trans- 
mission vs. frequency characteristic over the range of frequencies desired. The device is 
connected at the receiving end of the line in order to obtain the best ratio of signal-to-noise 
and interference on the circuit. 

An attenuation equalizer is an electrical network which introduces a loss at each fre- 
quency such that the sum of the line and equalizer losses is the same for all frequencies over 
the useful range. 

In its most elementary form the equalizer consists of a simple resonant circuit in series 
with a variable resistance. The frequency of the resonant circuit is selected so that, with 
the proper value of series resistance, the overall transmission characteristic of the circuit 
is as uniform as practical. 
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15. BROADCASTING TRANSMITTER PLANT 


A broadcasting transmitting plant consists of audio input equipment, modulator, radio- 
frequency generator and amplifier, radio-frequency transmission line, antenna tuning 
equipment, and antenna system. 

The audio equipment associated with a transmitter plant provides facilities for such 
switching operations as are required, microphone and turntable equipment for local pro- 
gram origination in an emergency, and amplifiers for increasing the volume level of the 
program material received from the line connecting the studios to the transmitter. After 
being sufficiently amplified the incoming program material passes to the modulator tube 
which modulates the radio-frequency energy generated and amplified by the equipment 
supplied for that purpose (see Section 7, article 17; also Section 8, article 4). The re- 
sultant modulated radio-frequency energy may either be further amplified or sent di- 
rectly to the antenna tuning equipment. The antenna is usually located a relatively short 
distance from the building housing the transmitter, and a radio-frequency transmission line 
is used to convey the energy from the transmitter to the antenna. The antenna tuning 
equipment is usually located at the base of the antenna in an appropriate protective shelter. 

STANDARD A-M BROADCASTING TRANSMITTING ANTENNAS. (See Section 6 
article 31.) For standard broadcasting (amplitude modulation in the 540-1600 ke hand); 
the vertical-radiator antenna is generally used. The use of an antenna having an oles" 
trical height slightly in excess of 0.5 wavelength, and operated below the fundamental 
results in the largest field intensities on the horizon for a given radiated power. At the 
optimum point of operation the electric field at the receiver resulting from the ground wave 
radiated by the antenna may be as much as 40 per cent greater than that obtained from a 
0.25-wave antenna radiating the same power. This improvement results from the fact 
that more energy is radiated along the ground, where it is desired, and less up in the air. 
It does not follow from this, however, that the maximum coverage is secured by an antenna 
having this optimum height. 
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For the low-powered transmitter where the primary range is limited by the field in- 
tensity falling below the prevailing interference level, an antenna of the optimum height 
would probably result in an increased service area. The cost of such a radiator in compari- 
son with the cost of increasing the power of the transmitter sometimes precludes its use, 
however. 

For the high-powered transmitter the primary range is generally limited to that distance 
where ‘“‘mushing” results from the admixture of the ground and the sky wave, at this point 
the strength of the waves being of about the same magnitude. In this case variations in 
the sky wave brought about by varying the height of the antenna are far more important 
in determining the primary range of the station than attendant variations in the ground 
wave. The height that is the best operating point for the greatest ground-wave intensity 
is not always the best height from the viewpoint of pushing out the incipient fading dis- 
tance by the reduction of the sky wave. Hence, the best operating condition for maxi- 
mum primary coverage is not necessarily that height which results in the maximum ground 
wave. The best height for a given antenna depends upon the attenuation of the ground 
wave, which in turn depends upon the effective conductivity of the soil, its dielectric con- 
stant, and the frequency of operation. In any event the optimum electrical height is 
likely to be between 0.5 and 0.6 wavelength. ~ 

The economical advantage of an antenna of this height depends upon the transmitted 
power. The initial investment and the cost of operation of the transmitting plant in- 
crease with the power, whereas the cost of the radiating structure remains practically con- 
stant. At the higher powers this type of radiator represents a good balance between the 
two investments. 

DIRECTIONAL ANTENNAS FOR STANDARD (A-M) BROADCASTING. The ap- 
plication of antenna systems having definite directional properties to broadcasting pur- 
poses has been undertaken in a number of instances. Among the circumstances which 
have led to the installation of a directional system are: the need for suppressing radiation 
in a particular direction or directions in order to prevent interference with a distant station 
or stations operating on the same channel; the desire to suppress radiation in a given di- 
rection where no audience exists and to reinforce transmission towards the populated area, 
as for instance in a station located on a seacoast or to one side of a town which constituted 
its principal audience. 

A suitable number of vertical antenna elements properly phased and spaced are usually 
employed in order to obtain the desired directional characteristic. By the proper com- 
bination of these antenna elements and their proper phasing almost any desired direc- 
tional pattern may be obtained (see Section 6, article 29). Either vertical-wire antennas 
or towers insulated at their base are used for the antenna elements. 

F-M BROADCASTING TRANSMITTER ANTENNAS. For f-m broadcasting (fre- 
quency modulation in the 88- to 108-Mc band), a horizontally polarized antenna system 
is employed. In general the antenna is non-directional in a horizontal plane. However, 
since most receiving sites are located within a few degrees of the horizon, it is advantageous 
to utilize an antenna system which directs the radiation towards the horizon. The gain 
realized by this practice permits the use of lower actual transmitter power for a given 
“effective” radiated power (effective radiated power is the actual power multiplied by the 
power gain of the antenna in the direction of the horizon). In practice, the cost of trans- 
mitters of various power levels must be balanced against the cost of directional antennas 
of various gains in determining the optimum combination. 

The f-m broadcasting antenna must be located at a point of high elevation in order to 
reduce to a minimum the shadow effect on propagation of hills and buildings. To provide 
the best service to an area, a high antenna is usually preferable to a lower one with in- 
creased transmitter power. 

STANDARD (A-M) BROADCAST STATION TRANSMITTER SITES. The selection 
of a good site for a standard (a-m) broadcast transmitter is a very complex problem which 
involves many considerations. The site should be selected with the view to providing: 

1. Satisfactory coverage of the area comprising the population it is desired to serve. 
Usually this consideration will fix the maximum distance from the center of the city that 
the transmitter can be located. 

2. Maximum coverage of adjacent populated areas consistent with fulfilling the above 
requirement. 

3. Minimum population in the area immediately adjacent to the transmitter where the 
signal is likely to be so strong that special precautions may have to be taken to insure good 
reception from other stations. 

4. Good soil conditions at the transmitter site. The conductivity of the soil within 
several wavelengths of the antenna has considerable bearing upon the efficiency of the 
antenna and the nature of its radiation characteristics. 
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5. Good power and program circuit facilities. If possible, two sources of power coming 
from different directions should be obtained. In order to obtain better regulation, it is 
often advisable to obtain power from a high-voltage line and have a local substation in- 
stalled. Because of their relative immunity from storms, telephone lines in cable should 
be obtained. 

6. Low cost of land. The size of the plot necessary will depend upon the size of the 
ground system, the spacing of the towers, and the distance between the anchors for the 

uys. 
‘ 7. Good publicity value and accessibility. These are good assets for a station but may 
be overemphasized. Of course, roads leading to the transmitter should be usable in any 


kind of weather. 


8. Immunity from floods, storms, sleet, etc., whenever possible, and ground suitable . 


for good tower foundations. In some instances severe storms are localized in certain areas 
that can be avoided. Severe storms may cripple power and telephone facilities. 

9. Proper location with respect to airports and airways. 

10. Proper location with respect to large metal obstructions, buildings, ete. 

F-M BROADCAST STATION TRANSMITTER SITES. The selection of a site for a 
f-m broadcasting station entails considerations somewhat different than those for standard 
broadcast stations. Many of the differences stem from the quasi-optical nature of the 
very-high-frequency-wave propagation. The transmitter site should be chosen with these 
factors in mind: 

1. The location should be as near the center of the proposed service area as possible 
consistent with the availability of a site with sufficient elevation to provide service through- 
out the area. 

2. The location should provide line-of-sight over the principal city or cities to be served. 
No major obstructions should be in the path. 

3. The site should be so situated that the field intensity in the urban area is sufficiently 
great to provide satisfactory service in spite of the generally higher electrical interference 
in such areas. 

4. Good power and program circuit facilities are required. 

5. If the cite is a high building, consideration must be given to the problems of installing 
the antenna and the transmitter. 

6. Cognizance must be taken of the possible hazard of the antenna to aviation. 
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The frequency spectrum now known to the radio art extends over a wide range and in- 
cludes frequencies having widely different characteristics. This spectrum is occupied not 
only by broadcasting services but also by other kinds of radio services such as communica- 
tion with ships and aircraft, police services, and amateur, experimental, transoceanic, and 
transcontinental point-to-point communication, both telegraph and telephone. Explor- 
atory work is still going on in the higher frequencies at the upper end of the spectrum and 
is directed in part to determining their usefulness for broadcasting purposes. 

The nations of the world have agreed to devote certain portions of the radio-frequency 
spectrum to broadcasting purposes. The standard a-m (amplitude modulation) broad- 
cast band extends from 540 to 1600 ke per sec and is used generally throughout the world. 
A band extending from 160 to 265 ke is used in Europe but not in this country for a-m 
broadcasting. Several narrow bands in the high-frequency spectrum (above 6000 ke) 
are also in use for long-distance a-m broadcasting services. Finally, a band extending 
from 88 to 108 Mc is used in this country for f-m (frequency modulation) broadcasting. 
The wave propagation characteristics of transmissions made in these various bands dif- 
fer radically (see Section 10, article 24). 

STANDARD BROADCASTING. The term ‘‘standard broadcasting” is applied to a-m 
stations operating in the band of frequencies from 540 to 1600 ke. Each station is assigned 
a particular carrier frequency. On the North American continent the assignable fre- 
quencies extend throughout the range in 10-kc intervals. Thus the assignments are 540, 
550, 560, etc., up to 1600 ke, making a total of 107 distinct channels. 

There are three classes of standard broadcast channels: clear, regional, and local. 
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A clear channel is one on which the dominant station or stations render service over 
wide areas and which are cleared of objectional interference within their ground-wave 
service areas and over all or a substantial portion of their sky-wave service areas. 

A regional channel is one on which several stations may operate with powers not in 
excess of 5kw. The ground-wave service area of a station operating on any such channel 
may be limited, as a consequence of interference, to a given field-intensity contour. 

A local channel is one on which several stations may operate with powers not in excess 
of 250 watts. The ground-wave service area of a station operating on any such channel 
may be limited, as a consequence of interference, to a given field-intensity contour. 

By assigning adjacent channels in widely separated areas of the country potential in- 
terference is minimized. In any one area it is common practice to separate the channels 
by approximately 30 ke. This leaves sufficient frequency separation to enable receiving 
sets to select one channel to the exclusion of all others in that area. 

HIGH-FREQUENCY BROADCASTING. By international agreement high-frequency 
bands have been allocated for broadcasting services in the vicinity of 6, 9, 11, 15, 17, and 
21 Mc. ‘Transmissions in these bands are utilized for a purpose and in a manner entirely 
different from those in the a-m or f-m broadcast bands. High-frequency transmissions 
are primarily intended for long-distance broadcasts to distant colonial possessions, iso- 
lated territories, and overseas broadcasting. This type of service depends entirely upon 
the sky wave for reception as contrasted to regular broadcast transmissions which utilize 
the ground wave for primary coverage (see below). High-frequency transmission to dis- 
tant points is not very satisfactory when reception is obtained with the relatively simple 
equipment available for the broadcast listener. Magnetic disturbances and atmospheric 
conditions seriously affect high-frequency transmissions and cause amplitude and selective 
fading and associated deterioration of tonal quality. 

F-M (FREQUENCY MODULATION) BROADCASTING. Frequencies above 30,000 
ke are referred to as very high frequencies. These waves are sometimes known as quasi- 
optical waves because their transmission characteristics resemble, in many respects, those 
of visible light waves (see Section 10, article 20). As a consequence the service range of 
a very-high-frequency broadcasting station, even if located on a high point so that the 
waves travel to the receiving station with a minimum of obstacles in their path, is limited 
to several tens of miles. 

As compared with standard a-m broadcasting frequencies, very high frequencies present 
several advantages. Interference caused by natural atmospheric disturbances (static) 
is essentially non-existent, and therefore reception is markedly less dependent on seasonal 
influences. The service range of the station is more clearly defined and independent of 
any normal Heaviside layer conditions. The area over which a very-high-frequency sta- 
tion creates interference with other stations on the same or adjacent frequencies is not 
so great, compared to the useful service area, as in standard broadcasting frequencies. 
A substantial advantage exists in this respect that is of real assistance in very-high-fre- 
quency allocation. The dimensions of the receiving antenna can be small, and direc- 
tional transmission and reception are relatively easy. 

The disadvantages of very-high-frequency waves are inherent in their very nature. The 
high absorption during propagation limits the service range so that the covering of a large 
geographical area by this means on an economical basis presents a problem. Because of 
the quasi-optical character of the very-high-frequency waves there may be propagation 
shadows and areas of relatively poor reception, particularly near hilly terrain or high 
buildings. 

In this country the band of frequencies from 88 to 108 Mc has been assigned for very- 
high-frequency broadcasting. The assignable frequencies extend throughout the range 
in 200-ke intervals. Thus the assignments are 88.1, 88.3, 88.5, etc., up to 107.9 Me, 
making a total of 100 distinct channels. Frequency modulation, with a carrier swing of 
+75 ke,isused. The term f-m broadcasting is applied to this class of service. 

Currently in this country there are two classes of f-m stations. Those designated as 
Class A are designed to render service primarily to a community or to a city or town other 
than the principal city of the area and the surrounding rural area. Class B stations are 
designed to render service primarily to metropolitan districts or principal cities and sur- 
rounding rural area, or to rural areas removed from large centers of population. 
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17. BROADCASTING STATION SERVICE 


STANDARD BROADCAST COVERAGE. In considering the probable service area 
of a standard broadcast station it is necessary to take into account the effects of both the 
ground and sky waves which are radiated by the transmitting antenna. 

The ground wave (or direct ray) which travels directly over the surface of the earth 
from the transmitter to the receiver is unaffected in its propagation by meteorological or 
seasonal conditions and is of the same intensity during both the day and the night. The 
sky wave (or indirect ray) which traverses the Heaviside layer is subject to a great deal of 
variation in strength and character before reaching the receiving point (see Section 10, 
article 24). 

The radiated energy which follows close to the earth, called the ground wave, is char- 
acterized by: (a) high field intensities near the transmitter; (b) attenuation to low values 
within a few tens of miles, depending upon the character of the ground, the power and 
frequency of the transmitter signal, and the type of transmitting antenna; (c) relatively 
steady values. 

The energy which is reflected back from the ionosphere (chiefly evident after sunset), 
called the sky wave, is characterized by: (a) considerable field intensity at distances of 
hundreds of miles from the transmitter; (b) wide variation in field intensity from moment 
to moment, from night to night, and from year to year; (c) considerable variation with 
latitude of the transmission path and the earth characteristics in the vicinity of the trans- 
mitter, and some variation with frequency. 

Because of its steady nature and the strong signals obtainable in areas near the trans- 
mitter, the preferable service of any station is that obtained from ground waves. The 
extent of the areas of ground-wave service is determined not only by the transmitter 
power, by the frequency and type of antenna, and by the ground conductivity in the area, 
but also by the interference to the desired signal caused by atmospheric noise, man-made 
noise, other stations on the same or adjacent channels, or, under certain conditions at 
night, by the fading and distortion caused by a mixture of ground wave and sky wave. 
Since the intensity of these i:miting factors varies widely from moment to moment and 
from night to night, the area of satisfactory service also varies. 

Since the strong steady ground-wave service is in general available only within a rel- 
atively short distance of the transmitter, a considerable part of the country lies outside 
such areas. This is particularly true at night, when strong sky-wave signals from distant 
stations on the same channel cause considerable interference in many instances and thus 
reduce the effective service area from its daytime value. At night in these areas use can 
be made of any interference-free sky-wave signals for service, but, because of its wide 
variation in intensity and occasional periods of signal distortion, such service is considered 
in general less desirable than ground-wave service. The extent of the area of satisfactory 
sky-wave service depends upon the interference to the desired signal caused by atmospheric 
and man-made noise, other stations on the same and adjacent channels, and under certain 
conditions by the fading and distortion caused by a mixture of the station’s own ground- 
and sky-wave signals. In view of the wide variation in sky-wave-signal level from night to 
night, the area in which satisfactory listening can be had on any one night will vary greatly. 

The zone in which fading is first encountered is at that distance where the sky wave 
becomes of such intensity as to interfere with the ground wave. The primary range of 
the station may be extended either by increasing the strength of the ground wave or by 
decreasing the strength of the sky wave (see Section 10, article 23). If the receiver is 
located within the incipient fading distance an increase in transmitting power above the 
noise level improves reception and increases the primary range. In the fading zone, 
however, an increase in power beyond that required to produce an average field intensity 
sufficient to override noise produces no further increase in service area. This is because the 
strength of the ground wave and that of the sky wave are being increased simultaneously 
and thus the relationship between them is maintained constant. It is therefore evident 
that with the low-powered transmitter the primary range is limited by the field intensity 
falling below the prevailing noise level at the receiving point. With the high-power trans- 
mitter the primary range is more likely to be limited by fading and attendant objection- 
able phenomena since the ground wave will usually be strong enough to override noise out 
to and beyond the point where fading begins. For detailed calculations of broadcast 
station range see Section 10, article 24. 

F-M BROADCASTING COVERAGE. Although some service may be provided by 
tropospheric waves, the service area of a f-m broadcasting station is considered to be only 
that served by the ground wave. The extent of the service area is determined by the point 
at which the ground wave is no longer of sufficient intensity to provide satisfactory re- 
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ception. The field intensity necessary for service in city, business, or factory areas is 
generally considered to be 1000 microvolts per meter. In rural areas, on the other hand, 
50 microvolts per meter is generally believed to be sufficient for good reception. These 
figures are based upon the usual noise levels encountered and upon the absence of inter- 
ference from other stations. 

The ground-wave-signal range of a f-m broadcasting station is a function of the heights 
of the transmitting and receiving antennas, the gain of the antennas, the transmitter 
power, the frequency, the ground conductivity, and the dielectric constant. The service 
area of a f-m station, just like that of standard a-m broadcasting stations, may be ac- 
curately calculated by known methods (see Section 10, article 20). A detailed study of 
the service areas possible with f-m broadcasting stations develops these facts: 

1. The service area of approximately half of all United States low-power (100- and 250- 
watt) standard a-m broadcast stations could be increased by going to frequency modula- 
tion. 

2. Standard broadcast stations in areas of poor soil conductivity would benefit by a 
change to frequency modulation. 

3. Standard broadcast stations having frequency assignments in the high-frequency 
- end of the band would gain by a change to frequency modulation. 

INTERFERENCE TO BROADCAST SERVICE. The strength of the electric field 
produced at the receiving location depends on many factors such as the power of the 
transmitting station, the nature and efficiency of the antenna system, the distance in- 
volved, the nature of the intervening terrain, and in some cases the time of the day and 
the season of the year. At a particular receiving location, in addition to the electric field 
strength produced by the desired broadcast station, other electric fields will exist which 
may hamper or prevent reception. It is not the absolute electric field strength produced 
by the desired broadcast station which determines whether reception will be satisfactory; 
it is the ratio of the desired field strength to the predominating interfering fields, coupled 
with the ability of the receiving set to discriminate against those interfering fields, which 
determines the success of the reception. 

Interfering fields may arise from atmospheric disturbances (static), from industrial 
electrical interference, and from stations operating on the same or different channels. 

The intensity of the atmospheric noise is not constant throughout the radio-frequency 
spectrum. At night it varies inversely with the frequency; daytime atmospheric noise 
varies approximately inversely as the square of the frequency. The magnitude of the 
noise depends upon the geographical location of the receiving point, the season of the year, 
and the conditions existing at the receiver. 

Industrial electrical interference produced by the operation of non-radio electrical de- 
vices is, on the average, inversely proportional to the radio frequency. There are also 
present within the receiving apparatus, itself, sources of noise that require consideration: 
resistor noise, tube noise, contact noise, and noise associated with the tube power supply. 
In general, this receiving-set noise is independent of the radio frequency to which the re- 
ceiver is tuned. 

CONTINUITY OF SERVICE. One of the prime prerequisites for the successful 
operation of a broadcasting station is the absolute continuity of service throughout the 
broadcast day. The necessity for such operation arises from the keen competition among 
the many stations in this country and the psychological reaction of the average listener 
to an interruption in the program service. 

This requirement imposes a severe responsibility upon the equipment and on the main- 
tenance crew of a broadcasting station, inasmuch as the stations at the broadcasting 
centers and those associated with the major chains operate from 16 to 18 hours con- 
tinuously every day of the year. In planning a broadcasting station many precautionary 
measures must be taken and suitable devices must be provided to permit the instant 
isolation and replacement of any equipment that becomes defective during the course of 
operation. 


18. FIDELITY REQUIREMENTS OF BROADCAST SYSTEM 


A high-quality broadcasting system is one which acoustically transports the listener in 
fancy from his loudspeaker to the studio or auditorium. It must be free from frequency, 
non-linear, and velocity distortion. It must not introduce extraneous sounds of annoying 
nature or distracting magnitudes. 

TONAL RANGE. Complete freedom from frequency distortion implies that the system 
should be uniformly responsive over the entire range of audible frequencies. The audible 
range of the ear depends upon a great many factors (see Section 12, article 2), the ex- 
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treme limits being in the neighborhood of 16 to 16,000 cycles per second—some 10 octaves. 
In practice, few persons can hear this extreme range at the listening levels normally used 
in the home (65-75 db above the acoustical reference level of 107! watt per cm’). Fur- 
thermore, studies seem to indicate that few care to hear this extreme range when listening 
to broadcast music. 

Several kinds of investigations have been undertaken to obtain data that would be of 
assistance in determining the optimum tonal range of a practical system. One series of 
tests was based on the acuity of hearing of the listeners. These experiments were con- 
cerned only with the physical ability to hear differences in band width; they disregarded 
the question of the enjoyment or esthetic appreciation of wider bands. The types of pro- 
gram material included a dance orchestra, two symphony orchestras, male speech, and a 
dramatic sketch. The observers were engineers who had had extensive experience in 
tests of program quality and were considerably more critical than the average radio listener. 
It was found that a change of band width from 15 to 8 ke had to be made to be as readily 
detected as a change from 8 to 5 ke. These changes, for speech, are just sufficient to have 
an equal chance of being detected by listeners having experience in such tests. 

Changes in band width were found to be about twice as readily detected with music 
as with speech. Thus, for music, the changes that were just discernible half of the time 
were found to be 15 to 11 ke, 11 to 8 ke, 8 to 6.5 ke, and 6.5 to 5 ke. 

In another kind of test the tonal range preferences of a cross-section of radio broadcast 
listeners were studied. As contrasted to the studies that have been made to determine 
the ability to distinguish between different band widths, this undertaking ascertained the 
tonal range that the average listener considered most pleasant, that is, the method of 
reproduction the listener would select in his home when listening for enjoyment. Classic 
and popular music, male and female speech, piano, and mixed voices with sound effects 
were employed. Every possible precaution was taken during the tests to remove any 
possibility of factors other than tonal range from influencing the listeners. A noise-free, 
essentially distortionless system was used, and the reproduction level was adjusted in ac- 
cordance with the listener’s desires. 

In these tests the cut-off of both the low and the high frequencies was gradual, in keep- 
ing with the type found in actual radio receivers. It was found that listeners preferred a 
tonal range whose upper frequency limit was down about 3 db at 5000 cycles, about 20 db 
at 8000 eycles, and about 30 db at 10,000 cycles with respect to the mid-range frequencies. 
(The experiments did not test the preference for different rates of cut-off but, rather, for 
different tonal ranges all having cut-offs of about the same rate as the one mentioned.) 
Most listeners preferred a limited tonal range to a wider one even when told that one con- 
dition was representive of “‘low fidelity”’ and the other of ‘‘high fidelity.” 

In practice, broadcast transmitting systems are designed to provide uniform trans- 
mission over a wide range of frequencies. A-m broadcast transmitters, for example, are 
capable of covering the audio spectrum from 50 to at least 10,000 cycles, with negligible 
variations. F-m broadcast transmitters cover a still wider band, extending to at least 
15,000 eps. On the other hand, except for a few isolated instances, commercially avail- 
able receiving sets are not capable of faithfully reproducing anywhere near this range of 
frequencies. 

Intercity network wire facilities having a very uniform frequency characteristic, par- 
ticularly at the higher frequencies, can be secured, but their general use is a matter of 
economic consideration. For all practical purposes, the overall frequency-response char- 
acteristics of a complete broadcasting system is limited by the wire line characteristics. 

The rate at which high-fidelity receiving equipment is put into service will, to a great 
extent, influence the employment of better wire line facilities between studios and radio 
stations. 

DYNAMIC VOLUME RANGE. The dynamic volume range of a sound source of 
varying intensity is the ratio of the loudest sound produced to the minimum sound that is 
distinguishable. In broadcasting and sound recording, the loudest sound intensities are 
usually experienced with symphonic orchestras or special sounds such as explosions, gun- 
fire, and factory noises (see Section 12). The minimum audible sound intensity is a func- 
tion of the residual noise level. 

As noted above (article 1), the maximum sound intensities encountered in studios 1s 
about 95 db for music. Furthermore, it was stated that room noise levels of 25 db are 
generally considered satisfactory. Thus it is evident that the maximum dynamic range 
likely to be encountered in original performances is about 70 db (excluding special sounds 
which may reach any intensity). This is a somewhat wider range (about 10 db) than can 
be accommodated by most complete sound-reproducing systems. It is considerably wider 
than the range that listeners prefer. 

Very few listening environments are capable of making full use of even a 60-db dynamic 
range. Inthe home, for example, the average listening level is between 65 and 70 db above 
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the acoustical reference. The residual noise level, on the other hand, is 43 db in the 
average residence, and in only 1 per cent of the homes is it as low as 30 db. Thus, even in 
the quietest suburban homes the noise level is about 40 db below the average listening level 
and in the average home about 30 db down. However, the source of the noise is not likely 
to be in the same direction from the listener as the radio receiver. Consequently, the 
benefits of binaural hearing (article 1, above) will assist the listener in partially disregard- 
ing room noise. Nevertheless, at the average listening level, a 60-db dynamic range can- 
not be fully exploited by the listener even in the quietest homes. 

As a corollary to the question of dynamic range, it has been found, by studies in which a 
cross-section of broadcast listeners participated, that listeners prefer to hear music and 
speech at about the same peak levels (as read by a standard volume indicator, see article 
4, above). It was also found that the limit of the range of peak volume levels tolerated 
by the largest number of listeners is approximately 8 db (4 db above and below the average 
volume level of the program). Even within this 8-db range it appears that changes in 
volume level are less annoying when made gradually. The 8-db limit refers to the range 
of peak or maximum volume levels, not to the range of minimum and maximum sound in- 
tensities or ‘““dynamic range.’”’ (It is important that this preferred range in peak levels 
not to be confused with dynamic range, which was discussed in the opening paragraphs of 
this section.) 

It was also found that, regardless of the absolute sound intensity at which the listener 
operates his radio, he still prefers an even peak intensity level. This is true whether he 
is listening to variety, drama, narrative, or musical programs. The peak intensities of 
the main program material (but not necessarily background effects) must not fall more 
than 8 db below the maximum peak level; otherwise the conditions for easy listening are 
violated. 
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POLICE RADIO 


By H. F. Mickel 


Police radio systems may be divided into two major classifications from an operational 
standpoint. The simplest type of system, designated ‘‘one way,” permits communica- 
tion in one direction only, from the headquarters station to mobile units. This type of 
operation requires a land station transmitter for the headquarters location and a receiver 
for each mobile unit. The ‘‘two-way’’ system provides communication from the head- 
quarters station to mobile units and from mobile units to headquarters. The equipment 
required for a two-way system consists essentially of a land station transmitter, one or 
more land station receivers, and a mobile receiver and transmitter for each two-way ve- 
hicle. In certain installations where all equipment is on the same frequency, or where 
mobile transmitters are equipped for two-frequency operation, a ‘‘three-way’’ system is 
evolved permitting car-to-car communication in addition to the two-way previously de- 
scribed. Essentially all systems which have been placed in service since 1942 are of the 
two-way or three-way type. 

Police radio systems may also be divided into two major groups on the basis of the 
kind of equipment used. Prior to 1940, practically all police radio installations employed 
a-m apparatus. Since that date, the vast majority of systems have made use of f-m 
equipment. The only activity in the installation of a-m apparatus is confined to the re- 
placement or expansion of existing systems. New systems, almost without exception, are 
of the f-m variety. 

The scope and complexity of police radio systems vary with the requirements of each 
particular installation. A small municipality may operate a single headquarters station 
and a small number of mobile units. If conditions at the system control point are not 
desirable for the local installation and control of the land station, a location providing 
advantages of increased elevation and improved noise-level conditions may be selected for 
this equipment. This requires remote-control apparatus at the control point and the 
interconnection of the control and station locations by means of wire line. 
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In larger cities where a great number of mobile units and a considerable coverage area. 
are involved, fixed station equipments may be located at several points with individual 
control from one central dispatching station or from separate precinct control points. 

In many cases, individual receivers of the type used in land stations are located at 
several advantageous points throughout a city with their outputs feeding back to the 
control station or stations over wire line. This greatly increases the talk-back range of 
the mobile unit to the fixed station. 

State police systems normally involve a multiplicity of land station transmitters and. 
receivers located strategically to cover desired troop or patrol areas. 

A number of state and large city systems also incorporate CW telegraph stations for 
zone and interzone point-to-point communication. 

In some instances, radio relay equipment is used for the control of remotely located 
stations, particularly where topographical conditions necessitate such remote installation 
of land station equipment and render impractical the use of wire line interconnection to: 
the control station. 
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The first police radio systems operated on frequencies just above the standard broad- 
cast band with channels in two portions of the spectrum (1610 kc—1730 ke and 2326 ke— 
2490 ke) assigned for this purpose. The general plan was to place state systems in the 
lower band and city stations on the higher channels. A number of these systems are still 
in operation, and essentially all apparatus employing these frequencies is for land-station- 
to-mobile communication. These, doubtless, will be gradually replaced by equipment. 
operating on higher frequencies. 

The next portion of the spectrum assigned for police operation was the 30.1—40.1 mega-- 
cycle band (now 30-50 megacycles). It was found that these frequencies possessed many 
operational advantages for police work: reduction of interference between stations, re- 
duced atmospheric and man-made interference, lower transmitter power output require- 
ments, and, probably most important of all, the ability to produce practical equipment for 
mobile talk-back operation. It was in this band that f-m apparatus for mobile com- 
munications made its appearance with its many attendant advantages. 

During World War II the use of still higher frequencies by the Armed Forces disclosed 
many characteristics which pointed toward the desirability of their use for police communi- 
cations systems. Some background of experience gained in the use of 116- to 118-mega- 
cycle equipment for relay purposes in police systems, starting about 1940, also gave added 
weight to this belief. Experimental work encompassing frequencies in the 160-megacycle- 
area revealed very favorable performance characteristics for police use. Accordingly, 
the Federal Communications Commission has set aside channels in the 152- to 162-mega- 
cycle band for the police services. From actual data covering a representative number of 
systems in normal operation, it appears that sky-wave or ‘‘skip’’ interference, often caus- 
ing considerable trouble in the 30- to 50-megacycle band, is greatly reduced in the 152- 
to 162-megacycle frequencies. Smaller antennas are a natural and desirable result of the 
use of 152- to 162-megacycle channels with the further advantage that high gain and 
directional antennas for land stations are entirely feasible at these frequencies. Atmos- 
pheric and man-made interference is still further reduced as compared to the 30- to 50- 
megacycle band. Coverage within the normal service area of a 152- to 162-megacycle sys- 
tem is more complete, with fewer dead spots, than with lower frequencies. It appears, also, 
that still lower transmitter powers will give satisfactory results. 

The Federal Communications Commission has also made certain shared assignments for 
police service in the 72- to 76-megacycle band. Tests conducted on the 30- to 50-mega- 
cycle, 72- to 76-megacycle, and the 152- to 162-megacycle bands indicate that the extreme 
coverage range decreases somewhat as the frequency rises but that improved blanket 
coverage within the useful range is achieved as the frequency is increased. The 30- to 50- 
megacycle channels are characterized by a greater degree of ‘‘bending’’ of the transmitted 
signal and, for that reason, seem better suited for applications where greater coverage 
distance is required, particularly in hilly or mountainous terrain. 

It appears, therefore, that 30- to 50-megacycle channels are best suited for state and 
county police systems and 152- to 162-megacycle frequencies for municipal use. The 
Federal Communications Commission has also provided bands for police service in various 
portions of the spectrum from 450 megacycles to 30,000 megacycles. Complete informa- 
tion regarding all allocations of frequencies for police use may be obtained from the May 6, 
vane issue of the Federal Register or from the new FCC Rules and Regulations, when 
published. 
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20. POWER AND RANGE 


There is no fixed formula for the absolute determination of coverage which may be 
expected in a police radio system. Local conditions of terrain, antenna elevation, and 
noise level are some of the variables that influence such coverage. Transmitter power 
output is also a factor, particularly in the 1610- to 1730-ke and 2326- to 2490-ke bands. 
However, in the higher-frequency channels, antenna elevation and noise-level conditions 
are more influential than transmitter power. Table 1 indicates the normal limit of trans- 
mitter power in the various frequency bands (plate power input to final stage). 

Since communications range is a function of so many variable factors, actual experience 
in the planning and installation of police radio systems is the most reliable means of pre- 
dicting results. A single land station installation will afford satisfactory two-way communi- 
cation for an average city county, provided that the antenna site is carefully selected 
from the standpoint of elevation and noise level. Two-way range up to 50 miles with 
30- to 50-megacycle equipment is not uncommon with modern apparatus properly in- 
stalled. A slight decrease in range may be expected with 72- to 76-megacycle and 152- to 
162-megacycle equipment. 


Table 1 
Land Station 

Frequency, Power 
megacycles Satis Q 
1.61-3.0 2000 
25-100 500 
100-220 _ 600 
Above 220 To be specified 


in authorization 
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Land station transmitting equipment is of conventional design using standard circuits 
and tubes. F-m equipment is normally of the phase-shift type. The same applies to 
mobile transmitters. 

Land station and mobile receivers are of the superheterodyne variety and are fixed 
tuned to the assigned operating frequency. Squelch circuits are provided to quiet the 
receivers when the associated carrier is not on the air. 

Crystal control has become standard for all transmitting and receiving equipment de- 
signed for police service. 

Power for land station equipment is normally obtained from the regular public utility 
service. Frequently gas-engine generating equipment is provided for emergency opera- 
tion in the event of failure of the regular power source. 

Mobile equipment uses the car battery as the primary power source with either vibrator 
or dynamotor units for high-voltage d-c supply. 

Since vertical polarization has become standard in police service (30 megacycles and 
up), mobile antennas are of the vertical whip type for either side or roof top mounting. 
Land station antennas vary somewhat in design but are usually of the J, coaxial, or ground 


plane type. 
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TELEPHONY 


By John D. Taylor 


TELEPHONY is the art of electrically transmitting speech between two or more points. 
Telephone facilities are also used for many other purposes, such as the transmission of 
broadcasting and public-address programs. 

Transmission of speech and other forms of 


LOCAL OFFICE 


SUBSE SUBSET, intelligence is accomplished over wire circuits 
LOOP. LOOP, or through the air (radio) or by a combina- 
tion of both mediums. 

~~MANUAL OR The telephone circuit fundamentally con- 
MECHANICAL ; i i - 
Ee CTICn sists of a device (transmitter) for transform. 
: 3 ing speech sounds into electrical currents, 

Fie. 1. Ccnnection between Two Subscribers 3 . ¥ g 
in the Same Office (Courtesy Bell System) which traverse a connecting medium (line or 


channel) and react in another device (receiver) 
in such manner as to convert the electrical currents into the original speech sounds. 
Switching arrangements of various types and capacities, either manual or mechanical,* 
are necessary to connect local or toll telephone circuits together, and a number of auxiliary 
circuits, in addition to the 
talking circuit, may be em- LOCAL OFFICE LOCAL OFFICE 
ployed for a given connec- SUBSET acre SUBSET 
tion, depending upon the LOOP TRUNK LOOP 
types of systems involved [ [= \: | 
and the length of the con- 
nection. The interconnec- 
tion of two subscriber lines 
(loops) in the same office is 
usually quite simple, but for 
lines in widely separated 
offices the complete interconnecting circuit and associated apparatus may be very complex. 
Representative types of telephone connections between two subscribers are shown 
schematically in Figs. 1, 2, 3, and 4. 


MANUAL OR MECHANICAL 
CONNECTION 


Fic. 2. Connection between Two Subscribers in Different Offices 
in the Same City (Courtesy Bell System) 


OFFICES 


SUBSET 


MANUAL OR MECHANICAL __~-----7 
CONNECTION 


Fie. 3. Connection between Two Subscribers in Different Cities (Courtesy Bell System) 


TOLL OFFICE 


SUBSET SUBSET 
A 
| 
THROUGH INTERMEDIATE RADIO TERMINALS THROUGH INTERMEDIATE 
OFFICES OFFICES 


Fie. 4. Connection between Two Subscribers in Different Countries via Radio Channel (Courtesy 
Bell System) 


* The word ‘‘mechanical”’ is used in this section in a broad sense to include all forms of non-manual 


switching. 
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In telephone practice the various facilities naturally fall under four main headings: 
(1) central-office equipment; (2) land and buildings; (3) telephone lines; (4) substation 
equipment. 


CENTRAL-OFFICE EQUIPMENT 


: Central-office equipment, in general, embraces the various switching arrangements, 
including auxiliary units of equipment, which are necessary for the interconnection, dis- 
connection, control, and supervision of telephone facilities. Usually, the larger the 
telephone system, the more intricate are the equipment requirements. 

The evolution of telephone service has been from magneto to manual common-battery 
to mechanical common-battery operation. All these types of operation are now in use, 
but the trend in present-day engineering is to mechanize telephone service in order to ob- 
tain greater speed, ease, and efficiency of operation and to avoid higher operating costs. 

Central-office equipment includes all types of switchboards, both manual and mechan- 
ical, switch frames and panels, terminating frames and racks, toll terminal equipment, 
testing units, power plants, and many auxiliary pieces of apparatus. The equipment is 
housed in suitable buildings, and each entire assembly is known as a central office. 

Auxiliary circuits and apparatus, such as alarms and indicators, both visual and aural, 
designed to call attention to certain operating conditions, monitoring and supervisory 
circuits, timing and recording devices, emergency power and ringing circuits, test circuits, 
and many other devices, necessary for the proper operation of central offices, are common 
to all systems to a greater or less degree, depending on the type and size of system. 


1. MANUAL SYSTEMS AND OPERATION 


Manual systems include both magneto and common-battery systems, in which tele- 
phone operators manually establish and supervise connections at switchboards, using 
fiexible cords or keying units. 

Magneto operation, first employed in the United States, requires operation of a magneto 
or hand generator (associated with magneto telephone sets) by the subscriber to signal the 
operator for connections and disconnections, and the provision of local battery (dry cells) 
at each telephone. Present practice also provides for hookswitch signaling (with limita- 
tions) by the subscriber on magneto lines, if desired, similar to common-battery operation. 

Common-battery operation provides for the subscriber to signal the operator by re- 
moving his handset * from or replacing it on the telephone set hook,* direct current for 
both signaling and talking being supplied to the telephone set from the central-office bat- 
tery over the subscriber line. 

Manual switchboards are of several types and are made by a number of different manu- 
facturers for interconnecting toll, trunk, and subscriber line circuits. 

Magneto switchboards employ simple cord and line circuits but, in general, provide 
the least desirable telephone service from the standpoint of speed and ease of operation. 
These boards are now built with capacities of up to 200 subscriber lines and are used 
principally in small offices, where the majority of the terminating lines extend into rural 
areas and have relatively high energy losses. Even here the present tendency is toward 
mechanical equipment in new installations and replacements. 

Typical full magneto switchboard circuits of the latest type, for a board having a capacity 
of 150 lines and 15 cord circuits, are shown in Fig. 1. 

FULL MAGNETO OPERATION of such a switchboard is as follows: 

In placing a call, the subscriber turns the hand generator crank at his telephone, send- 
ing 20-cycle current over his line and operating the switchboard drop (or line lamp cir- 
cuit, if furnished). The subscriber then removes his handset from the hook and listens 
for the operator to answer. The operator inserts the answering plug of an idle cord cir- 
cuit in the line jack associated with the operated drop, opens her listening key, and requests 
the called number. Assuming that this number is also a local subscriber’s line in this 
office, the operator inserts the calling plug (associated with the cord circuit being used) in 
the called-number line jack and operates her ringing key, using code ringing as may be 
required, to signal the called station. If ringing power is supplied to the switchboard by 
a hand generator, the generator crank must also be turned by the operator while operating 
the ringing key. The called station bell is actuated by the 20-cycle current sent out over 


* The word “handset” is intended to include the older-type telephone receiver and the word “hook” 
to include the newer-type telephone-set cradle. 
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the line, and the operator awaits the called subscriber’s answer with her listening key open; 
when she hears the subscriber answer she closes her key and disconnects her telephone set 
from the connection. 

On completion of the call both subscribers place their handsets on the hook, the calling 
subscriber turns his generator crank, operating the answering cord ring-off drop and sig- 
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Fie. 1. Full Magneto Switchboard Circuits—Magneto Signaling by Subscriber (Courtesy Stromberg— 
Carlson Co.) 


(a) Line circuit with drop arranged for code alarm. ; ; 
(b) Cord circuit with repeating coil, double clear-out drops, and repeating coil cut-out key. 
(c) Operator’s circuit, including monitor, varistor, and grouping key circuits. 


naling the operator that the conversation is completed. She then removes the plugs from 
the line jacks and restores the cord circuit to its idle position. 

Central energy (common-battery) type telephones on magneto lines may be made to 
operate successfully, using a line circuit, as shown in Fig. 2. This circuit provides service 
to a subscriber in a magneto office similar to common-battery operation, but such service 
is limited generally to short town lines, not exceeding about 225 ohms conductor loop re- 
sistance. The subscriber removes his handset from the hook, sending a surge of direct 
current through the repeating coil windings (line side), the line, and the telephone set. 
This surge induces a surge of current in the drop windings of the repeating coil, which are 


in series with the line drop. The line drop is operated and the call is handled from that 
point in the same manner as other full magneto calls. 
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Magneto toll lines are terminated at magneto switchboards in the same type of line 
circuit, and the operating is similar to that for local circuits. In the local switchboard, 
two pairs of cord circuits are arranged so that the repeating coil can be removed by operat- 
ing a key on toll connections, in order to reduce transmission loss, assuming that circuit 
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Fia. 2. Magneto Switchboard Subscriber Line Circuit Arranged for Common-battery Signaling and 
Talking by Subscriber (Courtesy Stromberg-Carlson Co.) 


noise is satisfactory without the coil for a particular connection. Figure 3 shows typical 
loop and simplex dial trunk and cord circuits for use at magneto switchboards, which 
have trunks to a mechanical office. 
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NOTE 8: SIMPLEX DIAL MAY BE CHANGED TO LOOP DIAL TRUNK CIRCUITS BY ADDING RETARDATION 
COIL, DISCONNECTING REPEATING COIL, AND MAKING PROPER CONNECTIONS. 


Fic. 3. Magneto Switchboard—Dial Trunk and Cord Circuits (Courtesy Stromberg-Carlson Co.) 


COMMON-BATTERY SWITCHBOARDS are made in a variety of types and capaci- 
ties, both single and multisection (multiple), to meet service requirements and are widely 
used throughout the United States and foreign countries. The subscriber signals the 
switchboard operator by operating the hookswitch (or cradleswitch) of his telephone. 
However, in order to provide this more convenient and faster service, the subscriber switch- 
board line, cord, and auxiliary circuits are more complex than for magneto equipment. 
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Single-section common-battery non-multiple switchboards are used principally in the 
smaller towns, where magneto service is not adequate. In this type of board each sub- 
scriber’s line appears in the switchboard jack field only once, since one operator can reach 
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Fia. 4. Single Section Common-battery Switchboard Circuits—Common-batter 


any jack in the board. Figure 4 shows schematic circuits of a typical board of this type. 
The capacity of such a board is up to 200 subscriber lines, 30 toll or rural lines, and 16 


universal cord circuits. The capacity may be doubled by operating two such boards ad- 
jJacent to each other. 
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_ Multiple common-battery switchboards are designed for single-office and multioffice 
cities, where single-section boards are inadequate to meet service requirements. The ca- 
pacities of this type of board range from about 600 to about 10,000 lines, thus limiting the 
capacity of a single office to about 10,000 lines. For the large cities, requiring more than 
10,000 lines, more than one office, each with its own switchboard, is necessary. 

Single-office multiple common-battery switchboards are assembled by sections in one 
or more line-ups, each section being identically equipped with jack fields and cord circuits. 
The number of sections in an office varies from two to twenty or more, depending upon 
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Fra. 5. Multisection Common-battery Switchboard Circuits—4000-line Common-battery Talking and 
Signaling (Courtesy Bell System) 


the number of subscriber lines served and the traffic load. Each section of switchboard 
provides for from one to two and two-thirds operators and from three to eight panels, in 
which the multiple jack and lamp strips are mounted. Each subscriber line has one 
multiple jack with associated line lamp in each section, although in some of the older 
boards only one answering jack was provided per line. Thus, jack 100 and its associated 
lamp in the first section in the line-up are cabled to jack 100 and its lamp in the second sec- 
tion, and similarly throughout the board. 

Since each subscriber line terminates in the jack and lamp circuit corresponding to his 
number, when the subscriber signals the operator to place a call all the line lamps associated 
with his line throughout the board light and may be answered by any available operator, 
but by only one at a time. When one operator answers a call, all jack sleeves associated 
with that particular line have potential placed on them, which causes a click in the ear of 
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any operator who touches the tip of her plug to the sleeve of any jack associated with that 
line. This click warns the operator that the line is busy. The number of line lamps which 
are permitted to light on any one line is usually limited to five but may be less, depending 
on traffic loads and calling rates. Figure 5 shows the principal schematic circuits for a 
typical multiple common-battery switchboard with a capacity of 4000 subscriber lines, 
360 toll lines or 720 outgoing trunks, and 17 cord circuits per position. 

The provision of a trunking board and special arrangements of subscriber multiple in 
the various line-ups makes it possible to increase the capacity of the board to accommodate 
up to 5600, 7200, or 10,400 subscriber lines and to provide for a substantial complement of 
toll lines and trunks. However, when new central-office installations or sizable additions 
to existing manual boards are being considered, present practices require a careful study 
to determine the practicability and economies of employing mechanical operation, be- 
cause of its many advantages, including integration with the general trend toward uni- 
versal mechanized telephone service. 

This board is capable of operating as a combined local and toll, local and trunk, or local, 
toll, and trunk board. 

Multioffice multiple common-battery switchboards of modern design are similar to the 
single-office multiple board described above. Some of the older-type subscriber switch- 
boards did not provide for multipling the line lamp as well as the multiple jack, so that 
the subscriber’s lamp signal had only one appearance in the entire switchboard and answer- 
ing time was considerably slower than with the multiple-line lamp arrangement. 

INTEROFFICE TRUNKS are necessary in multioffice exchange areas to provide for 
extending a call from one office to another. In manual operation the calling-subscriber 
signal appears at the calling-subscriber switchboard (designated in trunking as the A 
board), the operator ascertains the called number and, either by the call circuit or straight- 
forward trunking method, passes the called number to a terminating trunk board (desig- 
nated in trunking as the B board) at the called office. An intermediate office (tandem) 
may be involved in establishing the trunk connection. The A operator connects the 
calling line to the selected outgoing trunk at the A board, the B operator at the called 
office connects the B end of the interconnecting AB trunk to the called B board multiple 
jack, and the ringing of the called subscriber automatically starts. The cycle of ringing 
usually consists of a 2-sec ringing interval followed by a 4-sec silent interval with d-c 
potential only impressed on the line. This cycle is repeated until the subscriber answers 
or the connection is taken down. When the subscriber answers in either the ringing or 
silent interval, relays in the B trunk circuit operate, disconnecting the ringing power 
and connecting the trunk circuit talking path through to the called subscriber. Upon 
completion of the conversation, a lamp disconnect signal appears before both A and B 
operators, in response to both the calling and called subscribers hanging up their hand- 
sets, and the connection is taken down. 

Call circuit trunking is a procedure by which the A or toll operator passes a call to a 
B (or tandem) operator over a call (order wire) circuit, which is entirely separate from the 
trunk circuit being used for the call. When the A operator presses her call circuit key 
associated with the call circuit to the desired B (or tandem) office, she is connected directly 
to the distant operator’s telephone set. After she passes the call to the distant operator, 
the distant operator assigns an idle trunk in the group between the two offices and the A 
and distant operators connect the trunk to the calling and called lines at their respective 
boards. 

Straightforward trunking is now the generally accepted method in manual operation 
rather than the call circuit method, from which it differs in that the A operator selects the 
idle trunk to the called office. She then connects the calling subscriber to the trunk with 
an A cord circuit, causing a lamp to light at the distant operator’s position. The distant 
operator connects her telephone set to the trunk by pressing a key, or the set is automati- 
cally connected and the A operator is so informed by hearing a two-tone signal on the 
trunk. The call is passed and the connection is established, and during the conversation 
the supervisory lamps at both A and B boards remain dark. When the subscribers hang 
up their handsets these lamps light and the operators disconnect. 


2. MECHANICAL SYSTEMS AND OPERATION 


Of the several types of mechanical switching systems now in operation, probably the 
Strowger (step-by-step) system, manufactured by the Automatic Electric Co. (and others 
under Automatic Co. patents) is most widely known. It was the first type employed com- 
mercially (in the year 1892) and is still used extensively today. Other well-known mechan- 
ical systems have been developed to meet the needs of the rapidly growing telephone in- 
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dustry, particularly the Relaydial (Stromberg-Carlson), Relaymatic (Kellogg Switchboard 


and Supply Co.), All-Relay (North Electric Manufacturing Co.), Panel Dial, and Crossbar 


(Og omqoopy O1TYBVULOIN WY &s041N0D) : 
SYUNIL, pue soyozimg oury od47-1osZuNTY woomjzod woe[ay (q) PUB JINOITD YOUMS JOPsVY] PUB oULT SUIUSI[V-JJOG (DV) SUIMOYY SUIVISVIG OTYVUIOYOG °g “DIT 


Cen o 


Ue 


Itiofiice exchange area. 


— iNawoas 
¥ONIMOOT 


AYVLS yOO71 


anil SW 


¥--- ONIYdS «Nw 


[IKG5 


< 


All these systems have only one purpose, namely, to 
economically, and in a manner satisfactory to the public, 
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Systems (Western Electric Co.). 
switch traffic quickly, accurately, 
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THE STROWGER SYSTEM employs the well-known step-by-step method of operation, 
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Fic. 7. Self-aligning Plunger Line Switch (Courtesy Automatic 


so called because calls are 
advanced from the calling 
to the called subscriber step 
by step, as each digit of the 
called number is dialed by 
the calling subscriber. 

In step-by-step operation, 
the principalswitching units 
involved in a connection be- 
tween two local subscribers 
are a line switch or line 
finder, one or several ranks 
of selectors, and a connec- 
tor. In addition, if the 
connection includes a trunk 
between two offices in the 
same exchange area, the 
outgoing end of the trunk 
fey =) will terminate in an im- 

pulse repeater. 

The equipment which 
appears between the sub- 


scriber’s line terminals and the first rank of selectors is classed as non-numerical, since it 
automatically functions as soon as the subscriber’s handset is removed from its support 


and before any digits are dialed. 
Non-numerical switches are of two 
major classes—line switches and line 
finders. The line switch is individ- 
ual to a telephone line and serves to 
extend the calling line to an idle se- 
lector or connector (forward selec- 
tion), while a line finder is connected 
permanently to a selector or connec- 
tor and serves to find the calling line 
(backward selection). Line switches 
are now seldom employed for public 
exchanges but are generally standard 
for private automatic exchanges of 
100 lines or less. 

The line switch may be of two 
types, plunger (10-trunk capacity) 
and rotary (10- or 25-trunk capacity). 

The plunger line switch is a simple 
mechanism which automatically con- 
nects its calling line to any one of a 
number of trunks leading to nwmeri- 
cal switches (the selector or connec- 
tor, which are operated by dial 
pulses). Figure 6 shows a schematic 
diagram of the self-aligning plunger 
line switch and master switch circuit 
and of the wiring arrangement be- 
tween trunks and line switches. 
Though only three line switches are 
shown in this latter arrangement, 
there may be from 25 to 100 such 
switches in one group. Figures 7 
and 8 show views of the line and 
master switches. 

When the handset is lifted at the 
telephone, the plunger is thrust into 
the line switch bank by operation of 
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Master Switch Associated with Self-aligning 
Plunger Line Switch (Courtesy Automatic Electric Co.) 


the A and B relays, closing the line and trunk spring contacts and extending the line 
through to the selector. The operation of the selector relays maintains the B relay and 
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its plunger operated until the connection is released, the relays then returning to normal. 
Operation of the plunger starts operation of the master switch circuit, resulting in the 
moving of all idle line switch plungers opposite the next idle trunk. The self-aligning 
feature of the plunger reseats it on the master switch guide bar as soon as it is released. 
The connector bank terminal associated with the line is also made busy by the selector 
placing ground on the control lead. 

The rotary line switch is a single-motion device, which may be associated with a tele- 
phone line for the purpose of extending the line to any one of a number of idle trunks. This 
switch has a shaft carrying wipers, which slide over bank contacts (arranged in a half 
circle) to which trunks to the numerical switches are connected. When the line and cut- 
off relays are energized by lifting the handset, the switch’s driving magnet operates its 
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Fie. 9. Schematic Diagram of the 200 Line Finder Circuit (Courtesy Bell System) 


armature against the action of a flat spring. At the end of the armature stroke the magnet 
circuit is opened, the spring forces the armature back, and the wipers are carried forward 
one step into the bank. This action continues until the wipers reach idle trunk contacts, 
where they remain until the next call is originated, when the wipers are moved to the next 
idle trunk. It is usually necessary to extend connections by means of wipers and bank 
contacts for several conductors which perform signal or control functions in addition to 
extension of the transmission path. Thus, each position of the wipers in the bank has 
from three to six or more bank contacts, which are simultaneously contacted by separate 
wipers when the selection is made. This type of switch is seldom used as a subscriber 
line switch since the plunger type is cheaper, but both operate satisfactorily. 

Secondary line switches, rotary or plunger type, are now seldom used but were designed 
for larger step-by-step offices to combine the traffic from a number of primary groups of 
subscriber line switches and ‘direct it to a relatively large common group of numerical 
switches capable of handling the combined traffic. Small trunk groups are less éfficient 
than large trunk groups, and by employing secondary line switches the number of se- 
lectors required for the main trunk group need be only large enough to accoinmodate the 
peak load of the combined group instead of each small group requiring enough selectors 
+o accommodate its own peak load, which usually will not occur at the same time as the 
peak loads of the other small groups. 

The line finder switch seeks out the calling line from a group of subscriber lines connected 
to bank contacts and connects it to a trunk terminating in the first numerical switch of the 
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switch train. The line finder switch permits the use of a simple, economical subscriber 
line circuit composed principally of a line and a cutoff relay comparable to those in com- 
mon-battery manual systems. These relays function to mark the bank position of the call- 
ing line and to cause the allotted line finder to hunt the calling line. 

As soon as the bank position of a calling line is marked by operation of the line relays, 


a relay of a common relay group (associated with each group of line finders) causes the 


proper line finder to hunt, first vertically and then horizontally, until the calling line is 
located, whereupon the finder connects its permanently associated first selector (or con- 
nector) to the calling line through the finder wipers and 
the bank contacts. The cutoff relay of the line circuit then 
operates to clear the line of unnecessary attachments and 
to free the common group of relays. 

A number of line finders are grouped under the control 
of a single distributor, which preselects or allots the next 
line finder to be used in the next call as soon as the com- 
mon relay group is released from the preceding call. 

Line finder switches are of the two-motion (vertical and 
horizontal) type and usually have capacities for 50, 100, 
or 200 lines. In some small exchanges, line finders may 
be of the rotary (single-motion) type with capacities of 25 
or 50 lines. 

Figure 9 shows diagrammatically the switching arrange- 
ment between subscriber lines and trunks, and Fig. 10 a 
view of a line finder switch, for 200-line capacity. This 
switch has a group of relays mounted on a base, upon 
which is also mounted a frame supporting a shaft with 
ratchet mechanism for raising and rotating the shaft. The 
lower part of the shaft carries four sets of wipers (one 
single-conductor and three two-conductor), termed the 
vertical, control (upper bank), wpper line (middle bank), and 
lower line (lower bank). The vertical and rotary stepping 
magnets and the release magnet (which permits the shaft 
to return to normal when the connection is released) are 
mounted within the switch frame. 

A vertical interrupter (pulsing) circuit causes the vertical 
magnet (by its armature and pawl engaging the ‘‘vertical 
hub” ratchet) to elevate the shaft step by step to the 

: : : _ marked level. A rotary interrupter circuit then causes the 
Pie: a ser Eel dela rotary magnet (by its armature and pawl engaging the 
(Courtesy Automatic Electric “rotary hub” ratchet) to rotate the shaft step by step, 
Co.) until the marked control bank contact is engaged by the 

control wiper. 

These motions cause the control, upper line, and lower line wipers to engage the cor- 
responding contacts of their semicylindrical banks, each of which has 100 sets of contacts 
(10 levels and 10 sets per level). To the right of these banks is the vertical bank or com- 
mutator, comprising a single row of contacts, over which the vertical wiper moves until 
the marked level of the calling line is reached. 

The release of the shaft is effected by the operation of the release magnet, which dis- 
engages the vertical, rotary, and stationary dogs from their ratchets, permitting the shaft. 
to return to normal under spring and gravity action. 

The impulse repeater is used in interoffice trunks in step-by-step exchange areas having: 
more than one office. This repeater is required in the outgoing end of each trunk and 
functions (1) to make it unnecessary to provide a third (control) wire in each trunk, (2) 
to provide talking current to the calling subscriber, (3) to reverse battery to the calling 
subscriber when the called subscriber answers, and (4) to repeat dial pulses over the inter- 
office trunk so that the impulse circuit will not include both the subscriber’s line and the 
interoffice trunk. 

The'two types of impulse repeaters are one-way and two-way. The first type is used 
at one end of one-way interoffice trunks; the second, at both ends of two-way interoffice: 
‘trunks. 

A diagram of the one-way impulse repeater circuit is shown in Fig. 11. 

When the repeater is seized by the preceding switch, the A and B relays operate, and 
the B relay connects ground to the control lead C, to protect and hold the preceding 
switches in the train and avoid seizure by other switches. Relay B also operates relays. 
A-1 and B-1 in the incoming selector at the distant office, establishing an impulse loop 
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over the trunk. Relay A, responding to impulses from the calling subscriber dial, in- 
terrupts the impulse loop, according to the impulses received, thereby repeating these 
impulses over the loop. 

When the called subscriber answers, operation of the back-bridge relay of the connector 
at the called office reverses the polarity of the current through the holding bridge (relay 
F) of the repeater at the calling office, causing relay F to operate. The operation of relay 
F causes relay D of the repeater to operate, which reverses the polarity of the current flow 
to the calling telephone, for the purpose of operating coin-collectors or message registers 
or of providing supervision of manual calls. 

When the handset at the calling telephone is placed on its support, the relays release 
and the train of switches is restored to normal. 

The selector is a switching device which became necessary for offices of over 100 lines. 
In a 1000-terminal system, only a single rank of selectors (first) is required, the first digit 
dialed operating the selector switch to connect to the desired hundred group of connectors. 
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Fig. 11. One-way Impulse Repeater Circuit—Strowger System (Courtesy Automatic Electric Co.) 


In a 10,000-terminal system, two ranks of selectors (first and second) are required. The 
first digit dialed operates the first selector to select the thousand group of trunks which 
terminate in second selectors, and the second digit dialed operates the second selector to 
select the desired hundred group of connectors. Thus, the selector is a numerical type of 
group-selecting, trunk-hunting two-motion switch, which requires but one digit for its 
operation. 

Figure 12 shows a schematic diagram of the selector circuit. The selector has a group 
of control relays mounted on a base, which also supports a shaft and ratchet mechanism 
assembly for raising and rotating the shaft. The lower part of the shaft carries two sets 
of wipers, control (upper) and line (lower). The vertical and rotary (stepping) magnets 
and the release magnet are mounted within the switch frame. The bank contacts are in 
two groups of 100 sets of contacts each (10 levels and 10 sets per level). 

When the selector is seized, it functions to hold all preceding switches in the train oper- 
ated and guarded until the holding circuit is extended. It sends back dial tone to the 
calling subscriber if it is a first selector. It elevates the shaft and wipers in response to 
dial pulses and rotates them automatically to connect with an idle trunk in the selected 
bank level. It provides a busy signal to the calling subscriber when all trunks in the de- 
sired group are busy. The selector-is returned to normal, when the calling subscriber 
places his handset on its support, by functioning of the control circuit and the release 
magnet of the selector. . 

The connector is a two-motion switch, similar to the selector, ‘atid, regardless of the size 
of the office, it is always employed as the final unit of step-by-step switch trains. 

This switch operates in response to the last two digits dialed of the called number 
(directory listing). The first of these two digits is the ‘‘tens’’ and the last one the “units” 
digit. The only exceptions to this general principle are the 200-line connector and the 
frequency or code-selecting, party-line connectors, where a digit. preceding or succeeding 
the “‘tens’’ and ‘‘units’’ digits is dialed for line group or ringing selection. 

Figure 13 shows a schematic diagram of the connector circuit. The connector has a 
group of control relays mounted on a base, which also supports the shaft and ratchet 
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mechanism assembly for raising and rotating the shaft, step by step. The lower part of 
the shaft carries two sets of wipers, the control (upper) and line (lower), which engage 
respective semicircular banks of contacts of 100 sets each (10 levels and 10 sets per level). 
The vertical and rotary stepping magnets and the release magnet are mounted within the 
switch frame. One subscriber line is connected to each set of lower line bank contacts. 

The pulses of the first digit received (except as mentioned above) step the shaft and 
wipers vertically as many levels as there are pulses. The pulses of the last digit received 
step the shaft and wipers horizontally, in accordance with the number of pulses received. 
This desired position of the shaft assembly is held by two movable detents, termed the 
“double-dog,”’ and a stationary dog. 

The release of the shaft is under the control of the release magnet, which, in operating, 
disengages the dogs, allowing the shaft assembly to return to normal. 

The director system was originated and developed by Automatic Electric Co. for large 
and complex trunking networks of the Strowger system. Though not used in the United 
States to date, it has extensive application in Great Britain, particularly in the London 
metropolitan area. It is being considered in the Los Angeles area for certain S X S offices 
to meet extended service and automatic toll ticketing problems. The director is ex- 
pected to play an important part in nationwide toll dialing, requiring register-sender equip- 
ment. 

The director, itself, consists of standard A. E. Co. relays and switches, which store the 
subscriber dial pulses and perform various other functions. A director for simple functions 
occupies the space of two regular switches, but, being very flexible in design, it may be of 
various sizes for specific needs. Wherever used, this unit usually effects savings in se- 
ea repeaters, and floor space. It can be added to existing S X S equipments as de- 
sired. 

In operation, an idle director is selected by a director finder and attached to a line finder- 
first selector trunk as soon as the line finder seizes the calling line. The director then 
functions as an ‘‘electrical brain’’ to: 

1. Record the number (pulses) dialed by the subscriber. 

2. Analyze the office code digits received and immediately determine the best routing 
for the call. 

3. Substitute, if necessary, other routing digits, which may differ entirely from the re- 
ceived digits. This is known as translation, which permits automatically selected alter- 
native routings with resulting trunk savings. 

4. Send out pulses, corresponding to the routing code, which operate switches, as though 
operated by the subscriber dial. 

5. Store the remaining digits, dialed by the subscriber, usually without translation, and 
send out corresponding pulses just after the routing code is sent. 

6. Detach itself from the connection upon completion of operation 5 and await the next 
call. 

The toll switch train, consisting of a toll transmission selector, a toll intermediate selector, 
and a combination toll and local connector, is designed to complete toll calls directly from 
the toll board to the subscriber. The toll transmission selector provides increased talking 
current to the called subscriber telephone through repeating coil windings and has in- 
creased capacity in the talking circuit. It also provides for complete supervision of the 
connection at the toll board, and it repeats the dial pulses from the toll operator dial 
through to the toll intermediate selector and the toll connector. It has a 400-point bank, 
required for additional functions. The toll intermediate selector is similar to the regular 
selector except that it also has a 400-point bank. The combination connector is not used 
for local calls unless all the regular connectors are in use. 

Main distributing frames (MDF) and intermediate distributing frames (IDF) provide a 
means for properly terminating the outside cables, which carry subscriber lines and various 
types of trunks and toll circuits, and equipment within the office, and cross-connecting 
these various circuits and equipments as required. 

Multipling of trunks and of switching equipment is so arranged as to provide maximum 
access to switches from subscriber lines and from switches to lines, and efficient operation 
of trunking and other equipment. 

Figure 14 shows a schematic diagram of a trunk layout for a 100,000-line multioffice 
exchange. It will be noted that secondary line switches are employed between the primary 
line switches and first selectors and between the first selectors and impulse repeaters, the 
object being to concentrate the traffic loads in these sections and reduce to a minimum the 
number of first selectors and repeaters required. All manual board services are centralized 
at one office for efficient operation. A special switch train is provided to reduce wrong 
numbers which may result from careless removal of a handset or accidental jiggling of the 
cradle plunger switch. This equipment is not always warranted. 


my Ooo . on 
w 
S Belton (OD o1qo01q OFeUOynW As0y.N0D) wayshg JOGMOIYG—oBuvYyoxTY souorf 2UrT 000‘OOT B 10} ynoxvT yun, “PT SI a) as A 
: iS) ho} 
g 6 A if So ait Mea ee Re a ee Oe OO ee ow ene on ae as ae OS Se eae Bae oS Te ee be Se a ae ee oe ee Se ee oe Se ee ee a ee ee a te 7 a) =) q 
oaR } ;__. p VO" ero 
Bio eonets ———— STWWYON i ge 
i Oat ice oa 
doa! S3HOLIMS ANID] | -R 8 
Ss i AMVWIYd [eae a s 
nga ' Ht ater Ss 
See él SYOLDS 73S 0 iw $8 
ro ead avo OWE [oan 8 
See oe ONILYSAZY AWid3ds i 3 28 
oH ‘ Son SF 
BSP RS) 2 i D a g so 
sisal 1a) o 2 
35 ' ES a= le 2s 
BO B 4 —_—__ ——_-. —— { 3 28 
eS 1 ——= ———— ——— ——— 2 
——— ———— ———— = Seen 
Soe 4 —= —— ——= ———___ [s3HOuImsy-3NIV 4) “23s \LONIOS F=1N0 p | "285 B 
a —_——. Q p 2 
heat Se Se See ee SuOlsajas] |SsHouImsanina «| +, & we 
a eet at ay. i ne AYVONOD3S {ho Eg 
mes a SHOL S¥OL9373S Se | eee ea aes ] (ate 
a ' ON Z ON 2 San 
Z ° -3NNOO que YVTIWIS SY3HLO) | |. A 
6 8 af | ONINOONI 1Vv907 susi]vaa3u ( B1SIO- Dy i og ao 8 
AP 1-ds3 Z sawvus : : 9 Capea S3WV4S =~ hese ds] eh) 
m Q °A @ 1946 ~~ ONILNEIMLSIO NIVW-7 § 6 6 ONILAGIYLSIG NIVW sj “32 eg 
Wine eee Ss a la SO Sl perro gene Sa soe a ee FY 84.4 
= 255 $30I330 USHLO WOUS SyNOUL Pog 2 a 
TE VGA el psec cre coo see ec eee eee || (aaa 
OwykH Fier ee ne ES ir ae ae ae tm ec a WW. 
EI Bx o rH L»[ NOLWAYOINI- en ) Bes 2 
———a Se a) 
a2 HH >| WusIO uivdad-PN_ || H ao1430 ——— | J SSES 
' fa) 7 ———— 
eee | i" > YOLVY3dO IWYNY- 911 poe ht SS 8 8 2 4, 
See ! Ly a3Z! gq soo 
aa & g iF es “SuSiAuas [SUOLDaTaS SY¥OL9373S $y019313S pee 
S) = S30IAYN3S oS 
BOS pe biNoos a OL= Ou TW ON @ aN 2 SuaLW3d3u ON 2 Zo OS 
R HO YOLVYSdO WWD0170\ Wod07 SONIWOONI SONIWOONI Gs 5 < n 
z t 391440 Hs oa A. 
eS Re a er | ae ge ee ee aid we 
i g a i Sr oper See ence tec po oe TE pies BEE ROT Se Sarees) || Poona ne eee ee ee ae fs, » § © 
1 ie oe ee ese a pik cdot ee 
Sea = a ————— =—— te hi SS hee? Sa eee BES 
gos —— 2 ——— ee gE Ea 
Ono ! ——— SE | == a wa Sj 
Rom mnas { — nn SSS CSS FG qniote 8 
Sieh ey i se Ore 
a2 9 ' 1 SS a or £ 
(3) H ' 3) 
oO PP oe | |S¥YOL9373s} |syo19373s] | s¥olo37as| |syo1d373s $y019373S = RoE 
= yas S H ON 2 ON 2 ON2 ON 2 aue (aa0v1d34 3a OL)! eo 
hi | | 1¥907 SONINOONI | } qv007 SNINOONI SNINOONI day L) | Bie Gel ae] 
! a do ' 391450 WWANVW Mx! SHES 
me Fes EEPOR AN | + 391550 =U ‘ & . S95 
Ob US Sm erent ree eros aera a ence senha aw ane cen eece sae Tene ee tas eae eee paccae eae eae 3 
ban HO oO A 


MECHANICAL SYSTEMS AND OPERATION 17-17 


addition, many other auxiliary circuits and devices which limited space will not permit dis- 
cussing here. 

THE PANEL DIAL SYSTEM is a radical change, both in mechanical and electrical 
characteristics, from the Strowger system and is employed generally in the largest metro- 
politan areas. Great flexibility of operation is permitted by this system as trunk groups 
and their sizes are for all practical purposes arbitrary. The time of establishing a con- 
nection is not dependent on the step-by-step dialing process of the subscriber, since, after 
all the dialing pulses are received from the subscriber by an intricate mechanism, the con- 
nection is rapidly routed to the called line, under control of this same mechanism, with 
great speed. The equipment as a whole is necessarily complex. 

The principal mechanisms in the system are: 

1. The panel-type selector with its banks of line or trunk terminals, which are selected 
by vertically moving brushes mounted on brass rods. 

2. The sequence switch, which has a number of insulating disks mounted on a shaft. 
Each disk has a metal stamping on each side, and the entire assembly of disks turns a 
step at a time, as directed by the control circuit, with two brushes bearing on each stamp- 
ing. By this means a large number of circuit arrangements may be made as required to 
establish the talking connection at the proper time, as determined by the control circuit. 

3. The decoder sender is the “‘brains” of the system. It registers and stores the dial 
pulses from the subscriber dial by means of a dial pulse register circuit; it decodes the 
numerical digits dialed into a non-numerical selection scheme by choosing the proper 
route relay. The route relay controls the selection of an interoffice trunk. The sender 
then takes over control, sending out pulses to actuate a train of selectors which establish 
connection with the called line. The decoder sender is then released for other calls. 

The panel-type selector, from which the system derives its name, performs the same 
function in this system that the line finder and selector switches perform in the Strowger 
system. The panel-type selector frame consists of several panel multiple banks of sub- 
scriber line or trunk terminals, over which the selector brushes slide vertically, and mech- 
anism for moving and controlling the selector motion, as shown in Fig. 15. 

The panel multiple bank consists of horizontally projecting terminals, arranged in ver- 
tically positioned, rectangular panels or banks, as shown in Fig. 16. Each terminal in 
the panel consists of a flat brass strip extending horizontally through the panel and having 
30 projections on each side of the panel and also a soldering lug at each end of the strip 
for wiring. A set of three of these strips, mounted one above the other and insulated 
from each other with impregnated paper, constitutes the tip, ring, and sleeve terminals 
of one line. Thus, each line appears horizontally across the face of the panel 30 times, 
or 60 times for both faces. The number of lines or trunks provided in the banks varies 
in accordance with requirements, present practice with respect to subscriber lines being 
to provide 40 lines per panel and 10 panels per frame. 

A selector is placed opposite each three vertical rows of line terminals; it consists of a 
hollow vertical brass tube on which are fastened ten sets of spring brushes, one set of 
brushes for each terminal bank. Each brush has three contacts, normally held apart by 
an insulator so as not to touch the lugs or terminals on the terminal panels. Each brush 
contact is connected in multiple with the corresponding contact of the other nine sets of 
brushes on the same brass tube or selector, so that any selector may reach any one of the 
400 lines in the frame by tripping the proper brush, and the total selector movement will 
not exceed one of the ten banks of terminals. In practice, each bank of 40 lines is divided 
vertically into two identical banks of the same lines, but with the line numbering in reverse 
order (bottom to top and top to bottom of the bank). This arrangement of line number- 
ing still further reduces the travel of the selector brushes to reach a particular line and 
reduces operating time of the selectors. A trip rod is provided with trip levers for each 
bank, so that the brush which is selected to make contact with the calling line is tripped as 
it starts upward in the calling line bank, the insulator between the brush contacts is with- 
drawn, and these contacts make the connection with the calling line terminals when they 
are reached. 

The multiple wiring between the brushes is contained inside the hollow brass tube of 
the selector and terminates in another set of brushes at the top of the frame, which slide 
on bars in the commutator panel and control the selector movement. 

The control mechanism of the selector is located at the bottom of the frame. There 
are two horizontal cork-covered rolls, extending the width of the frame and driven in op- 
posite directions by suitable gears and a motor. Attached to the lower end of each se- 
lector tube is a flat bronze strip or rack, which is close to, but, in the idle position, not 
touching, the continuously revolving cork rolls. An electromagnetically operated clutch 
is mounted on the selector frame in front of each rack. Energization of either the up or 
down magnet presses the rack against the up or down cork roll, causing the selector to 
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move up or down as desired. A pawl (not shown) engages in the horizontal slits of the 

rack and prevents the selector from slipping down after it has been elevated to the proper 

level. The selector returns to its normal position when released by the trip magnet, 
ows the control mechanism, 
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Fig. 16. Panel Frame Units, Showing Details—Panel Dial System (Courtesy Bell System) 


17-20 TELEPHONY 


The sequence switch is vital to panel operation. The control circuits for panel-type 
selectors are necessarily complex and must be set up in sequence to cause the various 
operations for establishing a connection to take place at exactly the right time. This 
switch (Fig. 16) has 24 disks or cams mounted permanently on a shaft, and each disk con- 
sists of insulation with a specially shaped metal stamping attached to each side of the disk. 
Two brushes bear on each side of each disk. The metal stampings are of different shapes, 
so that as the disks turn each brush may rest on the stamping or on the insulation, in ac- 
cordance with the position of the switch. This provides a means of establishing con- 
nections between brushes or opening and closing circuits in various combinations, as 
desired. A fluted metal disk, on which a spring roller rides, is mounted at the end of the 
shaft, so that the shaft may be revolved and held in any one of 18 positions. An electro- 
magnet, when energized, pulls this disk against the edge of another continuously revolving 


disk and thus causes the shaft to turn one 
DECODER R 
CONNECTOR BIOL ARS 
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each selector and is located on the right of 
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Fie. 17. Interconnection of Decoder Sender 
Units—Panel Dial aa dee (Courtesy Bell Sys- 
tem 


dialed by the subscriber, translates and de- 
codes the first group of pulses (office code), 
resulting in selection of the proper central 
office trunk or trunks, and finally controls 
the brush selection and functioning of the 


various selectors and the sequence switch. 
The major units consist of a sender, decoder connector, and decoder, as shown in 
Fig. 17. 

The dial pulse register circuit of the sender consists of a group of relays so connected 
as to record the dial pulses and subsequently control the operation of the decoder and 
selectors in establishing the connection. Figure 18 shows the portion of the dial pulse 
register circuit which registers the first three series of pulses comprising the office code. 
The connection of the sender to the subscriber’s line operates the AC relay, so that the 
P group of relays is connected to the A group. The P group counts the pulses as received 
from the subscriber dial. The release and reoperation of the ZL relay, under control of the 
dial, operate the P relays. The A recording relays are operated by the action of the P 
relays in such manner that the sum of their numbers is equal to the figure dialed. Thus, 
if the first letter of the office name is S, causing seven pulses to be sent, relays A-2 and 
A-5 will operate. When the first figure has been recorded, the RA-1 ‘relay supplies 
ground to the A recording relays, locking them, and releases the P relays. The P relays 
are then connected to the B recording relays, which are ready to record the next figure 
dialed. This operation is similar for each of the remaining figures dialed by the sub- 
scriber. 

There are eight groups of recording relays, three for the office code and five for numerical 
digits. The last five groups are not shown in Fig. 18, but they are similar to those shown. 

When three digits have been dialed, relay CL operates (relay Az operates in place of 
relay CL if the first figure dialed is zero). The operation of either of these relays indicates 
that the sender is ready for translation. The sender is now automatically connected to a 
decoder, through the decoder connector, by connection of the A, B, and C groups of leads 
shown in Fig. 18 to the corresponding groups of leads shown in Fig. 19. 

The decoder register relay groups, A, B, and C, shown in Fig. 19, then register the 
hundreds, tens, and units digits of the office code, stored in the sender. The setting of the 
A register relays causes one of the multicontact relays, H-2 to H-9, to operate; the 
setting of the B relays causes operation of the proper 7J' relay, and the setting of the C 
relays grounds one of the 10 leads shown at the right in Fig. 19. 

Each H relay has 100 armatures and contacts as indicated in Fig. 19. The 800 con- 
tacts are connected to terminal strip punchings, called code points. The operation of an 
H relay connects the proper hundred code points to the hundred contacts of the T relays 
(ten to each relay). The operation of the proper JT relay connects ten code points to the 
ten leads from the C relays, and the setting of the C relays connects ground to one code 
point. 

The code points are cross-connected to route relays (Fig. 19), one of which is provided 
for each possible path, which a call may take. Since a particular route relay may be cross- 
connected to any code point, so that the selection of a particular route relay is numerical, 


the selection operation from this point on need not be on the decimal basis as indicated 
above. 
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A particular route relay is so designed that it requires certain operations of the district 
and office selectors independently of the code point to which it is connected, and thus of 
the number dialed in securing it. If the position of a group of trunks is to be changed on 
the selector, the route relay must be changed accordingly, but no further change in the 
system need be made. Only one route relay is required in each sender for each outgoing 
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trunk group from the district and office multiple, that is, one for each dialing combination 
used in the particular exchange. The route relay, through a combination of registering 
relays, determines the brushes to be tripped and the movements of the selectors which 
choose the proper office. Once the proper route relay is selected, the remaining operation 
of obtaining the proper office is straightforward. All vacant code points are strapped to- 
gether and connected to a single route relay, which will cause the sender to complete the 
call to an operator, who will explain to the subscriber that an incorrect number has been 


dialed. 
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When the decoder has completed translation, or if translation cannot be completed 
owing to trouble, the decoder signals the sender, which releases the decoder. Thus, the 
decoder is needed only during the time the office trunk is being chosen, but the sender is 
needed in the connection until the called subscriber line is connected. More senders will 
be required than decoders, the usual ratio being about 400 senders to not over 10 decoders, 
although this ratio varies with the traffic load. 

IN PANEL DIAL OPERATION each subscriber line terminates on a line finder frame 
for handling outgoing calls, and a final frame for handling incoming calls, as shown in Fig. 
20. When a subscriber lifts his handset to call, direct current from the central-office 
battery flows through his line and operates the associated line relay, at the same time 
making his line busy to any selector on the final frame. The operation of the line relay 
causes an idle line finder selector associated with the bank of terminals in which his line 
appears to move upward until it finds the calling line; this relay also causes the trip rod in 
that bank to trip the proper brush of the moving selector, after which the trip rod is im- 
mediately reset. 

Simultaneously with the motion of the selector, the panel link circuit is selecting the 
district selector associated with the line finder selector, and also an idle sender. The 
panel link frame is also similar to the panel type selector frame, but with different details 
to suit its functions. The frame is divided into two equal parts vertically with the sender 
selectors on the left and the district selectors on the right. Each district selector is wired 
directly to its corresponding sender selector. 

In practice, the district selector when released from a call selects the next idle line finder, 
while the sender selector remains where it is unless near the top of the bank, in which case 
it returns to normal position. 

When the line finder reaches the calling line and the sender selector has found an idle 
sender, dial tone is sent back to the calling subscriber. 

The action of the sender is described in detail. The dial pulses are stored in the dial 
pulse register circuit, the first three digits serving to connect the proper route relay to the 
sender and thus set the proper registering relays in the sender, at which point the decoder 
is disconnected from the circuit. 

The sender is then prepared to cause the district selector to choose an interoffice trunk 
to an incoming frame. The district selectors are typical panel-type selectors, except that 
every eleventh terminal and an additional one between the two groups of five at the top 
of each bank is arranged as an overflow terminal to stop the motion of the selector when 
all ten trunks below it are busy. The trunks can be used in larger groups than multiples 
of 10 by making the intermediate overflow terminals busy, in which case the selector will 
pass over them, or groups of five trunks are available at the top of each bank. 

If 450 trunks are not enough to provide the necessary trunks to all the offices in the 
exchange area, a group of office selectors is employed to care for all the trunks outgoing 
from the office. The calls are then routed by the district selector to the proper office 
selector and thence to the incoming selector of the called office. 

The movements of the selectors on both district and office frames are guided by a re- 
verse control method. As the selector is driven upward by the cork roll, it sends back 
one pulse to the sender each time a brush moving on the commutator (at the top of the 
frame) makes contact. Commutators for the various types of selectors are shown in Fig. 
21. The pulses are counted by the sender, and, when the number of pulses indicates to 
the sender that the selector has moved to the proper position, the sender opens the up- 
drive magnet circuit, stopping the selector motion. 

The first selection on either the district or office frame involves the tripping of the proper 
brush. If, as shown in Fig. 20, the desired trunk appears on the fourth panel from the 
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Fie. 20. Typical Panel-type Connection—Panel Dial System (Courtesy Bell System) 
bottom, the district selector will first move up a distance of four segments on the A bar of 


the commutator (Fig. 2 in Fig. 21). At that point the selector will be stopped, the se- 
quence switch will be turned two steps (from position 4 to 6 in Table 1), changing the 
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fundamental circuit to prepare for the next operation, and the trip rod will be rotated 
into position to trip the fourth brush. The selector is now started upward again by the 
sender, and sends back a pulse for each bar on the B bar of the commutator, each of which 
represents a distance of ten trunks. Thus, the upward movement of the selector to the 
proper trunk group is controlled by the number of pulses sent to the sender from the B 
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bar. When the selector reaches the proper group, the sequence switch is again turned 
two steps (position 6 to 8 in Table 1) and the selector moves up slowly, testing each trunk 
in the group to find an idle one—a process known as hunting. 

The hunting process is common in panel operation. The connections are shown in 
Fig. 22, all connections marked 8 being closed, since the sequence switch is on position 8 
(Table 1). If the L relay is operated, the up-drive clutch is energized by current flowing 
to ground through the L relay left-hand contact, and the selector moves up. As long as 
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the sleeve contact of the selector brush is grounded, the L relay is operated through contact 
7 1/2/8. Since the sleeve contacts of busy trunks are grounded and those of idle trunks 
are not grounded, the selector will move a small distance beyond the last busy trunk. 
However, even here the L relay is grounded through the commutator brush and the @ bar 
of the commutator. The reason for this slight extra movement is to allow the holding 
pawl on the selector rack to engage the correct slot. 
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Fie. 22. Selector Circuit for Hunting Idle Trunk—Panel Dial System (Courtesy Bell System) 


When an idle trunk is found, the sequence switch turns to position 10, until the con- 
nection is completed, the changes necessary in the control circuits being made by other 
sequence switches located on the incoming and final selector frames. 


Table 1. Operations of District Sequence Switch 


Position Corresponding Circuit Condition Position Corresponding Circuit Condition 
1 Normal 10 Selection of brushes, groups, etc., 
2 Selecting an idle sender beyond the district selector 
3 Waiting for sender 11 Waiting for sender 
4 Selecting brush 12 Talking (non-loaded trunk) 

5 Waiting for sender 13 Talking (medium-loaded trunk) 
6 Selecting group 14 Waiting for operator to answer 
7 Waiting for relays 15 Talking to operator 
8 Hunting idle trunk 16 All trunks busy 
9 Waiting for sender 17 Operating message register 

18 Returning apparatus to normal 


These selectors are also of the panel selector type, differing only in details. The final 
selector frame has capacity for 500 lines, thus requiring 20 final frames for a 10,000 sub- 
scriber line office. The incoming selector frame must then hold 20 groups of trunks, 
which can consist of 24 trunks and an overflow terminal. This arrangement, which is 
employed in all offices, is shown in Fig. 23. The sender circuit is so arranged that either 
0 or 1 in the thousands digit causes brush 0 to trip, while the combination of the first two 
numbers determines the proper group for the selector to hunt in. When an idle trunk to 
the final selector is found, the second or hundreds digit determines which brush will be 
tripped, while the tens digit determines in which group the called line appears. Final 
selectors are directed rapidly to the proper group of ten; when the proper group is reached, 
the clutch on the up-drive roll is released by a change in the setting of the sequence switch 
and 1/4 usual speed is substituted as the motive power. The final selector tests the line 
on which it stops, and if it finds the line busy it returns to normal and sends back a busy 
tone to the calling subscriber. 

If the called subscriber has a private branch exchange (PBX) with several trunks, the 
final selector will hunt for an idle line if the called number is busy exactly as it hunts for an 
idle interoffice trunk. 

Many special provisions must be made in any installation for party lines, message rate 
service, rapid testing, and other special conditions that arise, but such arrangements will 


not be considered here. 
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THE CROSSBAR SYSTEM is the latest Bell System development in mechanical switch- 
ing. It differs radically from the Strowger (step-by-step) and the panel dial systems in 
construction, operation, and control, but it is so designed that it functions satisfactorily 
with all other types of switching, whether mechanical or manual. The crossbar system 
offers important improvements in switching, both in operation and maintenance, over the 
step-by-step and panel systems, but it does not necessarily replace existing installations or 
additions to these older systems. 2 2 P 

Only the most important functions of the crossbar system can be discussed in this 
handbook, owing to space limitations. ? dees 

The crossbar system has two outstanding features, the crossbar switch which is used for 
all major switching operations, and the marker system of control which is used in establish- 
ing all connections throughout the crossbar office. The apparatus consists principally of 
crossbar switches of the relay type and multi- 
contact and other type relays generally em- 
ployed in telephone systems. The switching 
circuits are wired to the contacting springs of 
the switches, and the circuit closures are made 
when the contacts are pressed together by op- 
eration of the electromagnets. 

The use of relay-type apparatus economically 
permits having twin contacts of precious metal 
throughout, insuring reliable operation for the 
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has many advantages, one of the most important 
being the completion of its complex functional processes in establishing a call in less than 
one second. The markers are connected momentarily, by means of multicontact relays, 
to various switching units of the office to guide the completion of calls through the 
crossbar switches. The marker system provides for an attempt automatically to establish 
a call over alternative paths when all the normal routings are busy or trouble is encoun- 
tered; the marker will detect, record the location and nature of such troubles, and indicate 
their presence to an attendant by operating an alarm. The marker design also facilitates 
the introduction of new service features and operating changes as desired, since the main 
control features of the entire system are incorporated in a small number of markers. 

The crossbar switch, which gives the system its name, is the basic switching unit of the 
system. Figure 24 shows a front view of a 200-point switch. Fundamentally, this 
switch contains (1) 10 separate horizontal circuit paths, (2) 20 separate vertical circuit 
paths, and (3) an electromagnet for each horizontal and each vertical path, so that the 
operation of any horizontal and any vertical magnet in sequence will connect a horizontal 
and a vertical path together at one of the 200 cross-points. The 10 horizontal paths are 
controlled by 5 horizontal bars each actuated by a selecting magnet, and the 20 vertical 
paths are controlled by 20 vertical bars each actuated by a holding magnet. Any set of 
contacts may be closed by first operating the selecting magnet corresponding to the hori- 
zontal row in which the contacts are located, and then by operating the holding magnet 
associated with the particular row of vertical contacts. The holding magnet will hold 
the contacts closed until the connection is released, but after it is energized the selecting 
magnet returns to normal until called upon to operate on another call. Thus, 10 sets of 
contacts may be made at one time through the switch, one for each horizontal path. 

Figure 25 shows in detail a portion of the selecting mechanism of the crossbar switch. 
The 10 sets of contacts in each vertical row are associated with the vertical or holding bar 
of that row. Each horizontal or selecting bar has 20 flexible wire selecting fingers, mounted 
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at right angles to the bar, one finger for each vertical row of contacts. When a selecting 
bar is rotated through a small arc by its magnet, the selecting fingers move up or down into 
position, depending upon the direction of rotation of the bar. When a holding bar in a 
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Fic. 24. Crossbar Switch—Front View—Crossbar System (Courtesy Bell System) 


particular vertical row is operated by its magnet, it will bear against the particular selecting 
finger which has been moved into position in its row, and the finger will be pressed against 
the operating spring horizontally in line with it. Thus, the operating spring will be pressed 
against the contact multiple (fixed contact spring) and the circuit path will be closed at 
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Fia. 25. Crossbar Switch Selecting Mechanism—Crossbar System (Courtesy Bell System) 


The selecting bar and all its fingers except the one being held against the operating 
spring will be released as soon as the holding bar operates. When the connection is re- 
leased, the holding bar returns to normal and the held finger returns to its idle position 
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midway between, but slightly to the right of, two sets of operating springs. At those 
points along an operated vertical bar where the fingers are not operated by the horizontal 
bar, the fingers are pushed in between each two sets of operating springs and thus do not 
bear against these springs. Only one finger is operated at one time for a given vertical 
bar. 

The selection operation is performed by five horizontal bars, each of which will select 
one of two horizontal rows of operating springs, depending on the direction of rotation of 
the bar and consequently the selecting fingers. Figure 24 shows two magnets at the end 
of each horizontal bar, one causing the fingers to move upward and the other causing 
them to move downward. After release, the horizontal bar is restored to its mid or idle 
position by centering springs at the ends of the bars and adjacent to the magnets. 

The vertical units of the crossbar switch each have 10 sets of operating springs in vertical 
rows with one vertical or holding magnet at the bottom of the row which actuates one 
vertical bar or armature extending the height of the 10 sets of contacts. Each set of 
contacts may consist of three, four, five, or other numbers of pairs of springs in horizontal 
spring pile-up or assembly, depending on circuit requirements. Figure 24 shows four 
pairs of springs per set of contacts. One twin contact spring of each pair is stationary and 
designated contact multiple; the mate or operating spring of the pair is pressed against 
the contact multiple, when operated. This contact multiple spring is made of one piece 
of metal, insulated from the mounting and extending the full length of a vertical row of 
contacts. Wiring lugs are formed at the lower end of these vertical metal pieces, facing the 
rear, to which are wired the lines or trunks of the vertical circuit paths. On the front and 
at the lower end of these pieces projections are provided for testing purposes. The mate 
or operating springs extend to the rear of the switch, where wiring lugs are provided and 
may be strapped horizontally to the corresponding springs of adjoining vertical units, 
thus extending the horizontal paths across the switch verticals, or to adjoining switches. 

The switch may have ‘‘off normal’’ contact spring assemblies, if required, associated 
with each selecting magnet which operates them to perform various circuit functions. 

The 200-point crossbar switch is 9 1/4 in. high and 301/2 in. long. A 100-point switch 
with 10 verticals is also available. 

The multicontact relay used in the crossbar system and shown in Fig. 26 resembles in 
design the vertical unit of the crossbar switch. The relay is provided with 30, 40, 50, or 
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60 sets of individually insulated contacts, normally open, but closed when the relay mag- 
nets are operated. Each relay has two separate magnets, armatures, and associated groups 
of springs. By operating the magnets independently, the unit can be operated as two 
separate relays, each closing 15, 20, 25, or 30 sets of contacts, or if both magnets are en- 
ergized in parallel the full number of contacts of the unit are closed. All contact springs 
have twin contact surfaces of solid bars of precious metal because of heavy duty require- 
ments. This relay is used mainly in the common connector circuits, where a large num- 
ber of leads must be connected simultaneously to a common circuit. 

New and improved general-purpose small relays of the U and Y types are used in the 
crossbar system. These relays permit the use of up to 24 springs in one assembly, pro- 
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viding for various combinations of transfer or simple make and break contacts. The 
springs are equipped with twin contacts of various contact metals, depending on the 
characteristics of the circuits controlled by them. The Y relay has a slow release action 
obtained by copper or aluminum sleeves over the relay core. 

CROSSBAR OPERATION may be more readily understood from the block diagram 
of the functional arrangement of the principal equipment units of the system which are 
involved in a connection between two subscribers, as shown in Fig. 27. The three main 
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Fic. 27. Functional Arrangement of Equipment Units—Crossbar System (Courtesy Bell System) 


types of equipment units are: (1) the district junctors and incoming trunks, which supply 
battery to the transmission and supervisory circuits; (2) the crossbar switch frames; (3) 
the common control circuits and the senders and markers. 

The district junctor and incoming trunk circuits are composed mainly of small relays. 
The district junctor furnishes talking battery for the calling subscriber and supervises 
the originating end of the connection. The incoming trunk circuit controls the ringing of 
the called subscriber bell, furnishes talking battery for the called line, and supervises the 
terminating end of the connection. 

The switch frames, consisting principally of crossbar switches, provide the means for 
switching between the subscriber lines, district junctors, and incoming trunks, and also 
for switching these district junctors and trunks to senders. 

The senders consist chiefly of small relays, and their function in crossbar is comparable 
to that of an operator in manual operation. The subscriber sender registers the called 
number from the subscriber dial pulses and transmits the necessary information to the 
markers, to the terminating sender, and to the manual operators (in manual offices) for 
completing connections to the called line. This sender also controls operation of the 
selectors in distant panel offices. The terminating sender receives the numerical digits 
of the called number from the subscriber sender of any panel or crossbar office and trans- 
mits the required information to the terminating marker for setting up connections to the 
called line. 

The markers are the most important control circuits in the crossbar system. They 
comprise both small and multicontact relays and are of two types, one for originating and 
one for terminating traffic. Since their operating time is less than 1 sec, only three or 
four markers are needed in the average size office. 

The originating marker determines the proper trunk routes to the called office. It has 
access to all outgoing trunk circuits and all crossbar switch frames used in establishing 
connections to the called office trunks. The marker records pulse information, tests the 
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trunk group for an idle trunk to the called office, tests for and marks or reserves an idle 
path through the switch frames, and finally operates the proper crossbar switches to es- 
tablish a path from the calling subscriber line to the outgoing trunk circuit. The lowest- 
numbered available paths are always selected in order to reduce selection time and in- 
crease operating efficiency. 1 2 

Trunk selection is made by the marker through route relays, of which there is one for 
each called office routing. This relay is so wired as to direct the marker to the called 
office trunk group and indicate the number of trunks in the group; also to indicate the 
office link switch frame on which the trunk group appears and the type of called office, 
which is also indicated to the sender. Route relays may be assigned to any office trunk 
group, and other changes may be made, as required. aon 45 ; 

The terminating marker performs similar functions in the terminating office, establish- 
ing a path between the incoming trunk circuit and the called subscriber line. This marker 
has access to all the subscriber lines terminating in the office and to all crossbar switch 
frames used for connecting to subscriber lines. It records pulse information, tests the 
called line to determine whether it is idle, tests for and marks an idle path through the 
switch frames, and finally operates the proper crossbar switch magnets to establish con- 
nection to the called line. 

The marker, in testing and connecting the called line, employs a marker group con- 
nector circuit and block relay frame in which the called line appears. Each subscriber 
line has three test terminals on the block relay frame, and a number group connector will 
usually have access to the test terminals of several hundred lines. The marker deter- 
mines from these test terminals whether the called line is busy and the identification of the 
proper line link frame and horizontal group of line links which have access to the called 
line; also the type of ringing required is determined from circuit conditions on the test 
terminal. 

There are also common control circuits, associated with the line link and sender link 
frames, for controlling the operation of the switches on these frames. In addition, there 
are common connector circuits, composed mainly of multicontact relays, which are used to 
connect the markers (1) to their respective senders, (2) to their associated switch frames, 
and (3) to the subscriber line test terminals. 

The line link frames, although shown separately in Fig. 27, are, in a given office, used 
for both originating and terminating traffic. After the talking connection has been es- 
tablished between subscribers (see Fig. 28), all the common control circuits, including send- 
ers, markers, connectors, line link control circuits, sender link frames, and their associated 
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Fic. 28. Completed Talking Connection—Crossbar System (Courtesy Bell System) 


control circuits, will have been released, and the talking path will be maintained by the 
holding magnets of the crossbar switches, which are used on the link, district, office, and 
incoming link switch frames. These holding magnets are held operated under control of 
the supervisory relays in the district junctor and the incoming trunk circuits and are re- 
leased only when the subscribers hang up their handsets. 

The establishment of a connection with the crossbar switch is shown schematically in 
Fig. 29, in which 20 vertical units are connected to 20 subscriber lines and 10 trunks are 
strapped horizontally across the switch. With this arrangement, any one of the 20 lines 
may be connected to any one of the 10 trunks by closing the contacts at the proper cross 
point. By adding a second 200-point switch with 20 additional lines connected to its 
verticals, and extending the trunk strapping through both switches, 40 lines are given 
access to the 10 trunks. Thus, by adding other switches in this manner, the number of 
lines having access to these 10 trunks may be further increased. 

A line link frame comprises primary bays and secondary bays. Each primary bay 
terminates 200 subscriber lines (10 primary switches with 20 lines each), but the number 
of primary bays per frame may be varied within limits to meet traffic requirements. The 
secondary bay contains secondary switches; the bay is divided vertically in the center, 
so that there are 10 switches, each with 10 verticals on the left of center and the same 
arrangement on the right of center of the bay. The switches on the left have their ver- 
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ticals connected to line junctors which are used for terminating traffic, and those on the 
right have their verticals connected to district junctors which are used for originating 
traffic. At the bottom of the secondary bay is a cabinet containing control circuit relays, 
and just above this cabinet 


are the multicontact relays FROM 20 LINES 
which connect the control 012345678 91011 121314 15 16 17 18 19 
circuits to the crossbar 


switches. 
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an office has only one cross- ag 
bar appearance and that on [Sy 
a vertical unit of a primary | 
crossbar switch, both origi- 
nating and terminating calls 
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the same line link circuits 
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switch. Thus, all originat- 
IDS traffic from any of the Fic. 29. Simple Trunking Arrangement with a Single 200-point 
20 lines on a primary switch Crossbar Switch—Crossbar System (Courtesy Bell System) 
flows through the associated 
10 line links to the 100 district junctors, and all terminating traffic to these 20 lines flows 
through the same 10 line links from the line junctors, as shown in Fig. 30. 

The arrangement shown in Fig. 30 is also used in the originating and terminating sender 
link switch frames, where the circuits reached are non-directional, that is, where any one 
of the circuits wired to the frame and available for selection can be used for establishing a 
connection. 

Where it is necessary to provide greater flexibility and efficiency in trunk groups than 
is possible with the arrangement shown in Fig. 30, two primary and secondary switch 
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frames are employed, as shown in Fig. 31. This layout shows an incoming link frame to 
which incoming trunks are connected, and a line link frame to which subscriber lines are 
connected. These two frames are operated in tandem for establishing the terminating 
connections between the incoming trunks and are called subscriber lines. As shown, 100 
incoming trunks are connected to the 100 horizontal paths of the 10 incoming link frame 
primary switches, 10 trunks per switch. Although only 200 lines (20 lines on each of 10 
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primary switches) are indicated in Fig. 31, 150 to 700 subscriber lines mav appear on the 
verticals of the primary switches of the line link frame. 

Referring to Fig. 31, the connection of a particular incoming trunk to a particular called 
line requires the selection of an idle path through the incoming link and line link frames. 
This path will consist of an incoming link, a line junctor, and a line link. The incoming 
trunks on each of the primary switches have access to 20 incoming links appearing on the 
20 verticals of the switch. These 20 incoming links are distributed over the 10 secondary 
switches of the incoming link frame, two links to a switch and one link to each half switch. 
In order to provide for the distribution of the 20 incoming links over the 10 secondary 
switches, the horizontal paths of the secondary switches are separated between the tenth 
and eleventh verticals, thus providing 20 instead of 10 horizontal paths on each switch. 
The incoming links on each half of these secondary switches have access to line junctors 
appearing on the verticals of these switches. These junctors are, in turn, distributed over 
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Fia. 31. Double Primary-secondary Trunking Arrangement—Crossbar System (Courtesy Bell System) 


the secondary switches of all the line link frames in the office. There will be at least one 
junctor from each secondary switch on an incoming link frame to a secondary switch on 
every line link frame in the office, or a minimum of 10 line junctor paths between any in- 
coming link frame and any line link frame, the number of paths varying, depending on the 
number of frames required in an office. 

The line junctors on the verticals of each of the line link frame secondary switches have 
access to 10 line links on the horizontal paths. The 10 line links are distributed over the 
primary switches of the line link frame, one to each switch, giving each link access to the 
called subscriber lines appearing on the verticals of the primary switch with which the 
link is associated. 

With the F ig. 31 arrangement of switches and the three groups of interconnecting link 
paths, any incoming trunk can be connected to any called line appearing on the line link 
frame or, by means of other groups of line junctors, to a called line on any other line link 
frame in the office. This trunking arrangement is also employed for connecting district 
Junctors to outgoing trunks in the originating office. 

Establishing a call from one crossbar subscriber to another crossbar subscriber requires 
four stages of operation, two at the originating and two at the terminating office: 

; ile The calling subscriber is connected to a subscriber sender through the line link frame, 
beac Junctor, and sender link frame, and the sender registers the dial pulses of the called 
number. 

2. The subscriber sender is connected to an originating marker through the marker 
connector, and the marker then selects the switch frames for establishing a connection be- 
tween the calling subscriber line and an outgoing trunk. 

3. The outgoing trunk (incoming at the terminating office) is connected to a terminating 


sender through the terminating sender link frame, and the sender registers the pulses cor- 
responding to the called number. 
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4. The terminating sender is connected to a terminating marker through a marker con- 
nector, and the marker then selects the switch frames for establishing the connection to 
the called subscriber line. 

Future developments in crossbar equipment point toward simplification of equipment and 
circuits and reductions in the number of units required, wherever possible. An improved 
system of crossbar is now under study, in which it may be possible to establish connections 
with one marker instead of the two markers now used, and in which other simplifications 
may be secured. 

OTHER RELAY SWITCHING SYSTEMS developed by various manufacturing 
companies include Relaymatic, by Kellogg Switchboard and Supply Co.; Relaydial, by 
Stromberg-Carlson Co.; All-Relay, by North Electric Manufacturing Co. 

These systems operate on the principle of (1) finding the calling line when the calling 
subscriber takes his handset from the hook, (2) selecting and closing groups of contacts 
by relay action under control of dial pulses, subdividing the groups of contacts closed, 
until the contacts of the called line are reached, after which ringing power is applied to the 
called line by a link circuit. Since no moving parts are involved except the operating 
springs or reeds, which are equipped with precious-metal twin contacts, maintenance is 
simplified and operating costs are reduced over other types of automatic switching employ- 
ing motors and step-by-step type switches with base-metal contacts and sliding brushes. 

The line circuits may be assigned for common-battery local and rural, trunk or pay 
station service. Local lines may have individual stations or multiparty service up to 
10-party selective (for metallic lines) or 16- to 20-party code ringing (for grounded lines). 
Local lines are of the metallic type, and line adapters are used for grounded rural lines, as 
required. By the addition of a trunk adapter, any line circuit may be converted to a trunk 
circuit. All link (connector) circuits have access to all lines, are assigned in rotation, and 
automatically release from any line 
in trouble or as soon as the subscrib- 
ers hang up. A line lockout feature 
is generally provided with these sys- 
tems which prevents tie-up of a link 
equipment if a line is in trouble or a 
handset is left off the hook or if the 
link fails to release after a predeter- 
mined time. As soon as the line in 
trouble is restored to normal, the 
lockout of the line from access to the 
link circuits is automatically discon- 
tinued. 

These systems are made in capaci- 
ties from 10 to 10,000 lines and may 
be operated as unattended small dial 
offices, if desired, with trunks to a 
nearby manual or mechanical office. 
In such cases, suitable alarms are 
provided which indicate at the at- 
tended office when the equipment 
needs attention and the type of 
trouble at the unattended office, 
Some systems of more than 200 lines 
employ relay-type selectors to dis- 
tribute calls from one group of 100 
line finders to the desired 100-line 
group of connector links and con- 
nectors, 

McBerty Automatic Telephone 
System (North Electric Manufactur- , 
ing Co.). The important unit of Fig. 32. McBerty Relay (Courtesy North Electric Mfg. 
this system is the McBerty relay, Co.) 


Fig. 32, a new design consisting of , ‘ ; ; 
an integral reed spring-armature-contact structure having no pivots or hinges, which are 


common to most relays. The basic mounting structure may be used as a single multi- 
contact relay or as a group of three, four, or five separate relays, the entire unit being 
light and compact. The relay coils are of the molded bobbin type, which slip over the 
steel-alloy cores welded to the mounting frame. Gold-alloy contacts are used throughout. 


Bare wire is used for multipling relay contacts. 
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This system employs a link circuit consisting of a line finder, connector control relays, 
and a connector for establishing a connection between a calling and called subscriber. As 
many links are provided as are required to handle normal traffic loads. Figure 33 shows 
a single link circuit layout for a 100-line system, but for purposes of illustration only 
three of the ten tens relays are shown. Also for clarity each single line shown represents 
two wires outside of and three wires within the switchboard. te mpd 

When a calling subscriber removes his handset from the hook, the line relay in his line 
circuit operates, causing the proper line finder tens and units relays of an idle link circuit 
to operate, closing the calling line through to the connector control relays of this link. 
The calling subscriber then dials the called number, and the dial pulses are registered by 
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Fie. 33. Diagram of North 100-line All-relay System (Courtesy North Electric Mfg. Co.) 


the control relays. These relays cause operation of the connector tens and units relays 
(corresponding to the called number) connecting the called line to this link. 

The above operations complete the connection between the calling and called subscribers 
through the link circuit, which applies ringing power to the called line. This link is not 
released for other connections until the subscribers hang up. While the tens relays close 
through ten lines in both the line finder and connector each time they are operated, only 
one units relay is closed through in each line finder and connector for a given call, and thus 
all lines except the calling and called lines remain open to the control relays and may be 
seized by other links when calls are originated by such lines. 

The XY dial telephone system, developed by Stromberg-Carlson Co., employs for its 
basic unit the XY selector-type switch, a view of which is shown in Fig. 34. 

The XY switch, used in the line finder, selector, and connector circuits, is radically 
different in construction from the Strowger step-by-step switch. The switch is assembled 
on a metal base plate, which is mounted horizontally on a switch frame. The switch has 
a carriage with four separate wipers, tip, ring, sleeve, and hunt, and the carriage is moved 
as a unit in two horizontal directions, one paralleling the front edge of the base plate, called 
the X direction, and the other at right angles to the X direction, called the Y direction, 
under control of two magnets, X and Y respectively. The carriage is driven by a cog roller 
(tubular shaft) assembly, which slides along a shaft during the X motion and rotates dur- 
ing the Y motion. The cog roller is a double-cut tubular gear, with ratchet teeth cut par- 
allel to its length and rack teeth cut as rings. The annular rack teeth mesh with and are 
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driven in the X direction by a sprocket actuated by the X magnet. The Y magnet ac- 
ee. a pawl which engages the ratchet teeth of the cog roller, turning it around the 
shaft. 

Since the switch is 100 point, the X motion is given 10 steps (plus one for overtravel) 
and the Y motion 10 steps (plus one for overtravel), thus providing for selection of any 
one of 100 lines. Since four wipers are involved and each wiper has its own set of 11 wire 
banks (each 11 wires deep), 44 rows of wires are lined up in front of the wipers. An X 
wiper is also provided, which is operated by a pinion and rack assembly actuated by the 
X magnet and which has access to a 23-wire bank to mark the level of X travel. 

When the X wiper finds the proper level, thus positioning the wipers, on the carriage, 
before the proper wire banks, the X magnet is de-energized and the Y magnet, assuming 
control, moves the wipers into the wire banks until the proper line wires are reached. 
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Fie. 34. The XY Switch (Courtesy Stromberg-Carlson Co.) 


A number of unique features are built into the XY switch assembly, such as bare wire 
raultiple for line terminations, a new mechanical design for magnet current interruptions 
to avoid armature chatter, and flexibility to function as a line finder, selector, or con- 
nector; the fact that the common wire banks need be wired only once, for up to 50 switches, 
results in large wiring economies. 

The system requires line finders, selectors, and connectors, as in other step-by-step 
systems, but the XY switch functions for each of these three units. 

In operation, the calling subscriber removes his handset from the hook, thereby causing 
his line relay to operate and an idle line finder, which is permanently associated with a 
selector, to find and connect to the calling line. The calling line is thus extended through 
to a selector which returns dial tone and supplies talking battery to the calling subscriber. 
Assuming that the called number is 234, the first digit dialed is 2, which causes the selector 
to move two steps in the X direction and into its wire bank automatically in the Y direc- 
tion until an idle connector serving the 200 group of lines is found. When the second 
digit, 3, is received by the connector, it moves its wipers three steps in the X direction, and 
when the third digit, 4, is received, these wipers move into the wire banks in the Y direc- 
tion to the fourth wire, thus connecting the calling to the called line. This connection is 
not completed, however, until the connector applies ringing power to the called line and 
the called subscriber has answered. 
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3. TOLL SYSTEMS AND OPERATION 


Toll systems, as distinguished from local systems, are designed to handle toll traffic 
over toll circuits. Toll traffic differs very materially from local traffic, since toll circuits 
may extend from one toll office to a nearby toll office or to an office in this country or in 
almost any other country in the world, involving many thousands of miles of circuit. 

Toll circuits must be of a grade suitable in all respects for the traffic they are required 
to handle. For the very long circuits, expensive equipment and complex arrangements 
are necessary to meet all requirements. 

In the smaller offices the toll and local positions are identical or in the same lineup; the 
same line and cord circuits may be used for both local and toll service. In the larger toll 
centers, involving a number of toll circuit groups, separate manual toll boards are provided 
for concentrating in one switchboard, for a given toll area or center, all the toll circuits 
serving that area. Such switchboards require special circuits and auxiliary equipment for 
properly recording, ticketing, timing, and supervising toll connections. 

MANUAL TOLL SWITCHBOARDS now in use in large metropolitan centers provide 
outward positions for outgoing toll calls, inward positions for incoming toll calls, and 
through positions for toll calls switched through the board from one toll circuit to another, 
or, if desired, toll positions may be designed to handle both inward and through toll calls. 

One type of manual toll switchboard (Western Electric Co. No. 3C) now in use is 
equipped to handle all types of manual toll switching and, in connection with step-by-step 
offices, may be arranged to handle those local dial calls requiring the assistance of an 
operator. 

The functions of this particular type of board are (1) to establish outward toll con- 
nections while holding the calling subscriber on the line (combined line and recording 
[CLR] traffic), or to establish connections later, if for any reason the call cannot be com- 
pleted on the first attempt; (2) to connect inward toll calls to the called subscriber line 
if in the local or tributary office area; (3) to interconnect toll circuits (through traffic) 
upon request of a distant operator; and (4) to handle miscellaneous local calls. 

Outgoing calls from local or tributary (small office, having toll connections to its larger 
toll center office) offices reach the toll board over recording-completing trunks from local 
manual or mechanical offices or over tributary toll circuits from tributary offices. Inward 
ealls reach the toll operator over toll circuits (between toll centers) and are completed to 
the local called subscribers over toll switching trunks, either on a straightforward basis 
through manual B boards or by dialing or key pulsing over mechanical trunks through a 
mechanical office. 

This switchboard has nine jack panels and three operator positions, each equipped with 
ten pairs of high-impedance toll cord circuits, per section, and by adding sufficient operator 
positions to handle the traffic load as many toll and trunk circuits as required can be ter- 
minated in the switchboard. 

These boards are equipped with calculagraphs for stamping the tickets with the elapsed 
time of calls for billing purposes, electric clocks, ticket conveyors, ticket holders and com- 
partments, and many other auxiliary devices for handling toll traffic. Transmission gain 
may be introduced in the toll circuits, as required, when the operator inserts the plug of 
her cord circuit into the toll line jack. Idle circuits and circuits busy may both be in- 
dicated by lamp signals, and automatic listening equipment may be provided at inward 
positions for incoming plug-ended toll circuit operation. 

MECHANICAL TOLL SWITCHBOARDS OR SYSTEMS have been in use for some 
years in a number of comparatively small toll networks, the first systems being of the dial 
or step-by-step type. 

The step-by-step system of toll dialing, though useful and economical for a small group 
of interconnected dial offices, presents sizable operating problems where intertoll dialing 
is attempted over an extensive area involving a large number of intermediate offices. 

The mechanical switching of toll traffic requires that the digits dialed by a calling sub- 
seriber or originating operator at a given office, to reach a particular subscriber in another 
part of the country, must be different from the digits dialed to reach any other subscriber. 
In step-by-step toll dialing offices, the originating toll office is reached by the subscriber 
dialing zero (0), tributary offices by dialing the figure one (1), and two more digits are 
generally required to select the proper outgoing toll or tributary circuit. Thus, when a 
call is dialed through a number of step-by-step toll offices, three digits must be dialed for 
each office passed through in addition to the digits required for the terminating office and 
called subscriber line. This requirement results in a long series of dialed digits for a call 
that passes through a number of intermediate offices. Figure 35 shows that 19 digits are 
required for a call from Portsmouth, N. H., to Vinland, Kans., involving only four inter- 
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mediate offices. Additional intermediate offices, in this connection, would increase the 
digits to be dialed, so that not only would there be delays in ascertaining the proper codes 
to dial in order to extend the call through the various intermediate offices, but also the 
dialing of a long series of numbers would retard operating time, would hold expensive 
facilities unnecessarily long, and would tend to increase operating errors. Also, if delays 
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Fie. 35. Intertoll Dialing Scheme—Step by Step System (Courtesy Bell System) 
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were encountered in securing any intermediate link or if the called line was busy, the 
complete dialing process would have to be attempted again. 
' THE NO. 4 CROSSBAR TOLL SYSTEM, a development of the Bell System, was first 
placed in service in Philadelphia in August 1943. This system was developed primarily 
to provide for ultimate toll dialing on a nationwide basis and was designed so that it could 
be introduced gradually throughout the country on an economical basis without im- 
mediately displacing existing manual or mechanical systems except as desired. 

The No. 4 system is arranged, as shown in Fig. 36, to complete (1) outward calls from 
local subscribers to outgoing toll lines, (2) inward calls from incoming dial or manual lines 


TO DISTANT TOLL OFFICE 
SUBSCRIBERS LOCAL DSA OR OUTWARD CROSSBAR 
OFFICE TOLL BOARD EQUIPMENT 


TRAFFIC FROM SUBSCRIBERS IN PHILADELPHIA TOLL CENTER AREA TO OTHER TOLL AREAS 


INCOMING DIAL TOLL LINE 


CROSSBAR LOCAL SUBSCRIBERS 
EQU!IPMENT OFFICE 
INCOMING RINGDOWN OR 
STRAIGHTFORWARD TOLL LINE 
CROSSBAR LOCAL SUBSCRIBERS 


1 
J 
EQUIPMENT OFFICE 


OPERATOR. POSITION 
(CONNECTED TO CONTROL 
CROSSBAR EQUIPMENT ) 


TRAFFIC TERMINATING IN PHILADELPHIA TOLL CENTER AREA 


WNCOMING DIAL TOLL LINE OUTGOING DIAL OR_ 
mai RINGDOWN TOLL LINE 


CROSSBAR 
EQUIPMENT 
INCOMING RINGDOWN OR 
STRAIGHTFORWARD TOLL LINE OUTGOING DIAL OR _ 
—— ; RINGDOWN TOLL LINE 
' CROSSBAR 
EQUIPMENT 


OPERATOR POSITION 
(CONNECTED TO CONTROL 
CROSSBAR EQUIPMENT) 


INCOMING TRAFFIC SWITCHED AT PHILADELPHIA TO ANOTHER TOLL LINE 


Fie. 36. Types of Calls Handled by the Crossbar System (Courtesy Bell System) 


to local subscribers, (3) through calls between incoming and outgoing dial or manual toll 
lines. 

Outward calls, and incoming calls from toll lines equipped for toll-line dialing, are 
automatically switched under control of dials or keysets at the originating end of the lines. 
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Incoming calls from other types of toll lines (ringdown or straightforward) are routed to 
operator positions. 

In the No. 4 system, crossbar switches with senders and markers are used in the same 
general way as in the local crossbar system, with such variations as are required for toll 
traffic. The operator positions which supplement the mechanical switching system for 
handling terminating and through calls from toll lines not equipped for toll-line dialing 
are of the cordless type, but cord positions may also be used to facilitate handling calls 
over congested toll-line groups. This system permits toll-line dialing into a city having 
panel or crossbar offices. 

Figure 37 shows a block schematic of the main circuit components of the No. 4 crossbar 
system. Five types of senders which act as automatic operators are provided, three for in- 
coming and two for outgoing trunks. For each incoming call, an incoming sender is con- 
nected, and, unless the call is to be completed over a manual trunk or one equipped to 
receive multifrequency pulsing at the distant end (in which case only an incoming sender 
is required), an outgoing sender is also connected, as shown in Fig. 37. When an outgoing 
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Fic. 37. Block Schematic of Main Circuit Components of the No. 4 Crossbar Toll System (Courtesy 
Bell System) 


sender is used, the incoming sender transfers, through the primary and secondary frames, 
all the digits received except the first three, which are used by the marker to control the 
connection within the office. Incoming senders are designed to transmit d-c key pulses 
and outgoing senders to receive them, the transfer of digits being at the rate of 8 per sec. 
All incoming senders are also arranged to send out multifrequency pulses, so that out- 
going senders are not required when the terminating points have senders capable of re- 
ceiving this type of pulse, such as at local and toll crossbar offices. Ultimately, when 
multifrequency pulsing becomes general, outgoing senders may be eliminated. While 
incoming senders are arranged to send either d-c or multifrequency pulses, the dial in- 
coming sender is designed to receive dial pulses (10 or 20 per second) recorded on crossbar 
switches, and the key pulsing incoming sender to receive d-c or multifrequency pulses, as 
may be indicated by a signal from the incoming circuit, as recorded on relays, four relays 
for each digit. The third type of incoming sender (position) is associated with each oper- 
ator’s position; on an outgoing call from the position, the sender connects to a marker, 
into which it passes the first three digits received, for the purpose of establishing con- 
nection to the desired outgoing trunk. When this trunk is selected an outgoing sender is 
attached, except when the trunk is on the manual or multifrequency basis. 

Both types of outgoing senders receive d-c key pulses, but each type sends out different 
signals, depending on the signal the sender receives from the outgoing trunk. One type 
receives four or five digits and controls the sending of either revertive or call-indicator 
pulses. Revertive pulses are used for completing calls to panel or crossbar offices; call- 
indicator pulses, for calls to manual offices in panel areas. The other type of outgoing 
sender receives up to 11 digits, and either sends them out as dial pulses into a step-by-step 
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office or connects itself to a call-announcer and controls the sending of the latter’s voice 
announcements, which are limited to five digits. 

Figure 38 shows the types of connections that incoming and outgoing senders are re- 
quired to control. For a call to a local office within the crossbar toll office area, only the 
called office code and four or five digits are required to reach the subscriber from the cross- 
bar toll office, since the trunk selected by the crossbar equipment connects directly with 
the called office. For a call to another switching area through an intermediate point, 
one, two, or three additional digits for use at the intermediate point must be dialed or 
keyed following the switching code, requiring up to 14 digits maximum. 

All senders are safeguarded from being held too long on a connection by timing circuits, 
which, after a predetermined time, signal the originating operator to start the call again, 
and are then released. When trouble involving the sender exists, the sender is auto- 
matically held for inspection and the maintenance forces are notified by alarm circuits. 
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TELEPHONE REPEATERS are essentially voice-frequency amplifying devices with 
suitable talking and monitoring features designed for use in voice-frequency toll circuits 
which would, without amplification, be greatly restricted in their length. By means of 
such devices, properly spaced and controlled, toll circuits may be extended to any prac- 
tical length desired. 

In the early designs, telephone repeaters were basically of two types, those in the Bell 
System being designated 22-type for two-wire circuits and 44-type for four-wire circuits. 
Present Bell System practices employ a single type of amplifying device for either two- 
or four-wire circuits, and suitable connecting arrangements to connect it into the two- or 
four-wire circuits or any combination of such circuits. 

Figure 39(a) and (6) shows a schematic diagram of the two- and four-wire arrange- 
ments, respectively. Where a repeater is employed at the junction of a two- and a four- 
wire circuit, the two-wire arrangement is used for connection of the repeater to the two- 
wire circuit and the four-wire arrangement for connection of the repeater to the four-wire 
circuit. 

In the two-wire arrangement, the separate branches of the amplifiers are joined electrically 
through repeating coil hybrids for a repeater at an intermediate point in the telephone cir- 
cuit. For a repeater at the terminal of a circuit a resistance hybrid arrangement (see Fig. 
39[c]) usually takes the place of the repeating coil hybrid on the switchboard (drop) side 
of the repeater. In the four-wire arrangement repeating coil hybrids are not used, except 
where required at the junction of two- and four-wire circuits. Four-wire terminating 
sets are employed on the drop side of four-wire repeaters. 

The repeating coil hybrid arrangement (Fig. 39[a]) consists of two repeating coils, A 
and B, with low-inductance windings so related and connected as to form, with associated 
equipment and the line, a balanced bridge circuit when the line and balancing equipment 
impedances are equal and the impedances connected to terminals 2—5 of each coil are equal. 
Coils of different ratios to match various line circuit impedances, and with phantom cir- 
cuit taps for securing a phantom circuit, if desired, are available. 
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Incoming current from the line flows through the line windings of both coils and induces 
equal voltages in the network windings 9—-10-11-12 of both coils. Since the poling of the 
network windings of coil A are reversed with respect to the network windings of coil B, 
the resultant voltage across the network (balancing equipment) is zero. The voltages 
induced in the 2-1-6-5 windings of both coils are likewise equal, and the power received 
from the line (deducting coil losses) divides equally between the impedances of the ampli- 
fier branches connected to 2-5 of each coil. Since these branches transmit in opposite 
directions, the power received from the line from a given direction by one of the branches 
and its amplifier is effective, while that received by the other branch and its amplifier is 
ineffective. 

Outgoing current from the effective amplifier flows through the 2-1-6-5 winding of coil 
B and induces equal voltages in the line and network windings of coil B. The result- 
ing currents in these windings also flow through the corresponding windings of coil A to 
the line and balancing equipment, respectively. The currents in the line and network 
windings of coil A induce equal voltages in the 2-1-6—-5 winding of coil A, but these volt- 
ages are opposing in phase because of the reversed poling of the network windings, and 
the resultant voltage is zero. The power received from the amplifier (deducting coil 
losses) thus divides equally between the line and the balancing equipment. The power 
received by the line is useful, while that absorbed by the balancing equipment is wasted. 

In order to secure a satisfactory trans-hybrid balance, the windings of a given coil must 
be mutually balanced to a high degree of precision, but separate coils need not be so highly 
balanced with respect to each other. 

The resistance hybrid arrangement (Fig. 39[c]) is composed of resistances, condensers, 
and the necessary terminating jacks connected to form a four-branch balanced lattice 
type network. This network joins together the amplifier branches on the terminating 
(drop) side of the repeater and terminates them in the required 600-ohm two-wire drop. 
The network presents a 600-ohm impedance in all four directions. The 1000-cycle loss 
through this network is 10.7 db for each direction of transmission. 

In the four-wire arrangement, one-half of an amplifier unit is employed in each side of 
the four-wire circuit, transmitting in one direction only. Single repeating coils, of the 
type used with two-wire arrangements, are provided to match the impedances of the line 
and amplifier. Phantom taps are provided in these coils, and the coils must be matched 
for balance when phantom circuits are employed. 

The amplifier circuit of the repeater is shown in Fig. 40. This circuit has a nominal input 
impedance of 600 ohms, and the input transformer impedance ratio (windings 9-8 to 1-7) 
is 300 to 357,000 ohms. The output transformer has four windings, of which winding 
9-10 is for the negative feedback feature. The output impedance ratio of this trans- 
former (windings 7-8 to 1—2) is 21,000 to 600 ohms. 

The amplifier vacuum tubes are heater-type pentodes, 310 A for regulated and 328 A for 
non-regulated battery supply. 

Grid bias on the tubes is obtained from the voltage drop in resistances B and C and in 
the potentiometer through which the total cathode current flows. 

The total gain of each amplifier is about 35 db; the secondary winding of the input 
transformer is tapped to provide a total gain adjustment of 20 db in 4-db steps; and the 
potentiometer serves as an additional gain control with a range of about 5.4 db. The 
power-carrying capacity of the amplifier is such that the transmission level at the amp out 
jacks may be as high as +10 db with respect to the transmitting switchboard. The nom- 
inal d-c battery supply is 24 volts for the filament current and 130 volts for the plates. 

Attenuation equalizers for two-wire repeaters are associated with the line equipments 
and are connected to the amplifier inputs at intermediate repeaters and to the receiving 
amplifier line input at terminal repeaters (terminals 1-6 and 2-5 of coils A, Fig. 39[a]). 
They are of the fixed type and designed for repeater sections of average length. The 
low-frequency equalizer for equalization in the low-frequency range consists of capacitance 
or a combination of capacitance and resistance, depending on the line characteristics. 
At two-wire circuit terminals, this equalizer is omitted in the transmitting side of the 
terminal repeater. High-frequency equalization on two-wire circuits is obtained by the 
effects of the various equalizer units mentioned and by interaction effects between the 
filter and the impedances between which it is inserted. 

Equalization for four-wire circuits (see Fig. 39[b]) is provided by a low-frequency equalizer 
consisting of a condenser shunted by a resistance, and a high-frequency equalizer consisting 
of a combination of resistance, inductance, and capacity. 

Low-pass filters of nominal 600-ohm impedance are provided, to limit currents above 
the voice range to be transmitted, in the four-wire branches of the line equipment, as- 
sociated with the amplifier input for the two-wire arrangement, as shown in Fig. 39(a). 
Three types of filters are provided, having nominal circuit cutoffs of 2450, 2850, and 3500 
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eycles per second. The filter is omitted from the transmitting branch of terminal re- 
peaters. ait: 

Regulating network equipment is provided for insertion in the repeater circuits (see 
Fig. 39{a] and [b]), as required, to compensate for changes in line attenuation due to 
temperature variations. This equipment functions under control of a pilot wire regulating 
system which actuates relays, causing resistance-type loss pads to be cut in or out of the 
repeater circuit, as required, to maintain circuit transmission levels. This equipment is 
more fully described in another part of this section. 
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The balancing equipment, connected to 9-12 of each A coil (Fig. 39[a]), is required to 
balance the line and its equipment (up to the repeating coil hybrid) in each direction of 
transmission for two-wire arrangements but is not required for four-wire arrangements, 
at intermediate points. At both the two- and four-wire terminal repeaters, a simple 
compromise network is employed on the drop side with the resistance hybrid (Fig. 39[c]) 
and four-wire terminating sets, respectively. Balancing equipments are designed in 
various combinations of resistance, capacitance, and inductance to closely match the 
impedance of their various associated lines. 

Signaling over repeater-equipped circuits requires the use of auxiliary signaling circuits 
employing 20, 135, or 1000 cycles or composited d-ce signaling on two-wire circuits. The 
20- and 135-cycle and composited d-c signals are by-passed around intermediate re- 
peaters, through which such signals will not pass, but 1000-cycle signaling will pass through 
the repeaters in the same manner as voice-frequency currents. For four-wire circuits, 
in which there are usually a number of repeaters, 1000-cycle signaling is generally employed 
as the most economical and satisfactory arrangement. 
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CARRIER TELEPHONE SYSTEMS permit the securing of additional telephone chan- 
nels between two toll centers by superimposing carrier frequencies on voice-frequency 
wire circuits between these points. At the terminals of the carrier channels, carrier equip- 
ment is required which is capable of converting voice frequencies to modulated carrier 
currents, transmitting them over the wire circuit, and reconverting or demodulating 
them at the receiving end to voice frequencies. This equipment must operate in both 
directions of transmission. Carrier equipments (carrier repeater or transfer units) are 
also employed for amplifying carrier currents and for transferring the carrier channels 
where the wire circuit does not, but the carrier channels do, extend through the inter- 
mediate office. 

Carrier telephone systems are in operation in many countries, but they are in use to the 
greatest extent in the United States because of its vast network of toll circuits. These 
systems are manufactured by a number of different companies, both Independent and 
Bell, the number of two-way channels provided in the various systems ranging from one 
to twelve, excluding the L-type carrier system. The Bell System is the largest manu- 
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Fic, 41. Channel Frequency Allocations for Telephone Carrier Systems (Courtesy Bell System) 


facturer and user of carrier telephone equipment in this country, and the frequency al- 
location chart shown in Fig. 41 applies to carrier systems of Western Electric Co. (Bell 
System) make. From this figure, it is seen that the D, G, and H systems provide a single 
channel, the C series three channels and the J and K systems twelve channels, all two- 
way. 

In operation, the basic principle is the same, regardless of the type of system or the 
number of channels provided. Figure 42 shows a block schematic of a type C carrier tele- 
phone system with one intermediate carrier repeater. 

It will be noted that each of the three channels has identical equipment units at both 
the east and west terminals, and that identical common equipment is provided at each 
terminal to serve each of the three channels. The carrier repeater also serves all three 
channels. Voice-frequency transmission over the wire circuit is not interfered with by, 
nor does it interfere with, the carrier currents, because of the low-pass and high-pass filters 
associated with the wire line at each terminal and at the repeater or transfer points. The 
low-pass filter will pass only voice and the high-pass filter only carrier frequencies. 
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Incoming voice frequencies (about 250-2750 cycles) into channel 1 (Fig. 42) at the west 
terminal pass to the modulator, where they modulate a carrier frequency. The lower 
sideband only (assuming this system is of the CS type) is transmitted through the band 
filter, transmitting amplifier, and directional and high-pass filters to the wire line. At 
the intermediate point the sideband frequencies pass through the high-pass and direc- 
tional filters, equalizer, west to east amplifier, directional and high-pass filters, thence 
tothe line. At the east terminal the sideband passes through the high-pass and directional 
filters, receiving amplifier, band filter, and demodulator to the voice terminal of channel 
1. Transmission takes place similarly in the opposite direction. The band filters pass 
only the band of frequencies intended for their particular channels, blocking out all fre- 
quencies of other channels which travel the common paths. The directional filters sep- 
arate the incoming and outgoing bands of frequencies. The amplifiers, which are of the 
high-gain, negative-feedback type, are necessary to maintain proper levels of transmission 
for the carrier currents. The pilot equipment indicates and controls the transmission 
levels automatically, so that manual adjustments are not required. The three-winding 
transformers (hybrid coils) separate the transmitting and receiving voice paths at the 
voice-frequency terminals of each carrier channel. 

For open-wire operation, present practices make use of the G system for single-channel 
very short circuits (under about 25 miles), the H system for single-channel medium-length 
circuits (up to about 300 miles, with repeaters about every 125 miles), and the C system 
for three-channel groups ranging from about 100 miles to any length desired with re- 
peaters about every 150 miles. The G system equipment does not have an amplifier, 
but one may be associated with the system externally. The CN allocation of the type 
C system and the D system are not used for new installations. All these systems are con- 
sidered to be in the low-frequency group of carrier systems (up to about 30 kc), and they 
provide about 2500-cycle voice bands. 

The broad-band carrier systems operate in a range from about 12 to 2000 ke or more and 
provide about 3000-cycle voice bands. As may be noted in Fig. 41, the K system, for 
toll cable use, functions between 12 and 60 kc; the J system, for open wire, between 36 
and 140 ke; and the L system (not shown), for coaxial cable use only, between 60 and 2000 
or more ke. The J and K systems may be operated any distance desired but require re- 
peaters about every 70 and 16 miles respectively. 

The L type carrier system, operating over specially designed conductors, known as 
coaxial cable, because of their construction, is capable of providing up to 480 two-way 
circuits per pair of coaxials (depending on the make-up of the cable) if coaxial amplifiers 
are spaced about 5 to 8 miles apart. Practically, however, the number of circuits to be 
provided in any L system will depend upon traffic requirements, since circuits can be added 
as desired at any time in groups of 12. 

Figure 43 shows the frequency translations which take place at an L type carrier tele- 
phone system terminal. Three steps of modulation are employed to change an individual 
voice-frequency channel of 0 to 4 ke to its proper line frequency assignment. The first 
step of modulation occurs in the channel bank and translates a group of 12 voice channels 
to the 60 to 108 ke frequency band. The second step of modulation occurs in the group 
modulators and moves each fundamental group of 12 channels each (60 to 108 ke) to one 
of five frequency assignments (each 48 ke wide) within the 312 to 552 ke band. This 
band, designated a basic supergroup, is 240 kc wide and accommodates 60 channels of 4 
ke each. The third step of modulation occurs in the supergroup modulators and translates 
each basic supergroup of 60 channels each (312 to 552 ke) to one of eight frequency as- 
signments (each 240 ke wide) within the 68 to 2044 ke band. The 480 voice-frequency 
channels take line frequency positions within the 68 to 2044 ke band, and the four pilot 
channels are assigned to frequencies of 64, 556, 2064, and 3096 ke. The supergroups are 
separated by 8 kc each, except that 4 kc and 12 ke separate the first and second supergroups 
and the second and third supergroups, respectively. 

All long-haul carrier systems, including the C, J, K and L systems, have regulating and 
pilot channel equipment which automatically adds transmission gain or loss as is neces- 
sary to maintain the channels within predetermined transmission equivalents. For 
cable facilities the normal transmission changes are due to temperature variations, being 
greater in aerial than in underground cable. Flat gain regulators with master controllers 
are employed in every repeater section for K systems. However, the amount of at- 
tenuation variation in cable pairs with a given change in temperature is not the same for 
all frequencies, an effect known as twist. To overcome twist effects, correcting circuits 
are also provided about every 100 miles for aerial and 200 miles for underground cable. 

Large economies are possible with carrier systems, principally to provide additional 
toll circuits between toll centers. Their usage avoids, in many cases, the stringing of ex- 
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pensive wire circuits or possibly building a new pole line for open wire or cable or placing 
underground cable. In any event, studies will indicate the economies involved. 

The basic 12-channel equipment units of the J, K, and L systems are similar, the channel 
modulators elevating the voice-frequency bands for 12 channels (4 ke per channel) from 
0-48 ke up to 60-108 ke for these systems. Similarly the channel demodulator receives 
the 12 channels at 60 to 108 kc. The K system operates over separate toll cable pairs in 
separate cables with carrier repeaters, using the 12 to 60 ke band in each direction in the 
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cables. The J system employs the same open-wire circuit in both directions, using line 
frequencies of 36 to 84 ke west to east and 92 to 140 ke east to west. The L system em- 
ploys two coaxial units for the two directions of transmission, hence the same frequency 
band, from 60 to the required top kilocycle frequency, in each direction. Group frequency 
modulators move 12-channel groups from one frequency range to another, as required. 

Figure 44 shows a block schematic of a type J carrier telephone terminal; Fig. 45, a 
type K carrier telephone terminal in more detail; and Fig. 46 a frequency translation di- 
agram for the type J system. 

The particular range of frequencies, 60 to 108 ke, to which the voice frequencies are first 
elevated in the J, K, and L systems was chosen, because (1) high-grade erystal filters can 
be most economically built for operation in this general range, (2) the second harmonic 
(120 ke) of the lowest frequency (60 ke) ties well above the highest frequency (108 ke), 
precluding the possibility of interference between the second harmonic (from any channel) 
and other channels, and (3) manufacturing economies are achieved by using the same 
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Fic. 46. Frequency Translations in Type J Carrier Systems (Courtesy Bell System) 


group of channel carrier frequencies for all the broad-band systems. The line frequencies 
12 to 60 ke were chosen for the K system because, for non-loaded cable pairs (loading not 
being available for these frequencies), the attenuation increases with frequency and in the 
frequency range chosen the attenuation-frequency increase is about uniform. 


4. TANDEM SYSTEMS AND OPERATION 


Local tandem offices are provided, usually one to each extensive multioffice area, where 
a large number of offices are located within and adjacent to city boundaries. The tandem 
office is generally centrally located to the offices it serves and has direct trunks to all these 
offices and also to attended PBX (private branch exchange) switchboards having a number 
of pay stations, to the toll board, and to various special service boards. It is neither 
economical nor practical in large metropolitan centers to provide a group of outgoing and 
a group of incoming direct trunks between each pair of offices in the center, since cable 
plant and the terminating trunk equipments required would be too costly. For many 
combinations of two offices some distance apart the traffic is usually so light as to preclude 
the use of expensive cable pairs between them for trunk purposes. Thus, the tandem office 
provides an economical means of trunking calls in the larger centers because a common 
trunk group is provided between each office served and tandem. 

Although the introduction of a tandem office in the call trunking system of a given area 
adds another office to the system and may materially lengthen the trunk mileage between 
certain pairs of offices, depending on the geographical location of the tandem office with 
respect to the surrounding offices, it is evident that two groups of trunks (one outgoing and 
one incoming) between each pair of offices in a large center of, say, 50 offices would result 
in an uneconomical trunk network and equipment layout and a more complex arrangement 
of handling traffic. Also, the greater number of calls handled by the tandem trunk groups 
increases their efficiency and may largely offset the tandem layout costs. Tandem offices 
are warranted, however, in any particular case only if a comprehensive study of all the 
various factors involved indicates their need. 

One system of tandem trunking now in use provides for trunking from a local manual 
office to a panel sender tandem office on a straightforward basis. The local A operator, 
upon receiving a call, inserts the calling plug of an A cord circuit into an idle outgoing 
trunk to tandem, causing selection to be made at the tandem office of an idle operator and 
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a tone to be sent back to the A operator indicating that the tandem operator is ready to 
receive the call. The A operator passes the called office name and number over the trunk 
to the tandem operator, who registers this information on a keyset (a unit composed of 
individual keys having office code and number designations), with which each tandem 
position is equipped. The operation of the keys in the keyset causes pulses or number 
announcements to be sent out over the tandem to called office trunk, thus reaching the 
called office. 

If the called office is of the step-by-step, panel, or crossbar type, the incoming pulses from 
tandem reach selector (in step-by-step) or sender equipment (panel or crossbar) in the 
called office, which completes the connection to the called subscriber in the regular man- 
ner, as previously described for these systems. 

Tf the called office is of the manual type, the incoming pulses reach call announcer 
equipment at the tandem office before passing out over the trunk where they are con- 
verted from pulses to spoken numbers which reach an idle B operator’s ear at the called 
office; or, where call announcer equipment is not provided, the tandem sender equipment 
sends out pulses over the trunk to call indicator equipment at the called office, which causes 
the called number to be displayed before the B operator. In either case the B operator 
connects the plug-ended trunk circuit over which the call is being routed into the called 
subscriber multiple jack, and ringing automatically starts on the called line. Supervision 
of the call at the local, tandem, and B boards is by means of the usual lamp signals. ' 

If the calling subscriber is in a mechanical office (step-by-step, panel, or crossbar), the 
call is usually routed to a special board in the calling office. The special operator passes 
the call to tandem on a straightforward basis, and the connection is then completed by the 
tandem operator in the same manner as described for a calling local manual office. 

Crossbar tandem equipment is now standard for new tandem offices, rather than the 
manual tandem arrangement, just described, where it is applicable. This equipment 
handles calls over two-wire trunks from panel or crossbar offices to other panel, crossbar, 
or panel indicator manual offices by means of crossbar switches in a marker system of 
operation. Calls from a manual office through crossbar tandem would reach a tandem 
operator over straightforward trunks and be completed as described for the panel sender 
tandem office. 

The major switching frames in crossbar tandem offices correspond somewhat to the 
frames in a local crossbar office. Incoming trunks, terminated on incoming trunk frames, 
connect through trunk link frames, an office junctor grouping frame, and office link frames 
to outgoing trunks, which terminate in incoming trunk equipment in other offices as shown 
in Fig. 47. 
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When a call reaches the tandem office incoming trunk equipment, tandem sender and 
marker units are caused to associate with the trunk and link frames involved in the call. 


The sender receives and registers the incoming’ pulses from the originating sender on a 


revertive (pulses sent back) or dial pulse basis, and it controls the tandem switch selec- 
tions and the selections in the called office. The marker which is associated with the 
sender through the marker connector frame routes the call through the tandem equip- 
ment under control of the tandem sender registrations. 


| 
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5. AUXILIARY SERVICE EQUIPMENT 


SERVICE OBSERVING DESKS are provided, where required, at individual offices or 
at a central location for observing the performance of switchboard operators and switch- 
ing equipment. 

One type of service observing desk is intended primarily as a non-centralized observing 
bureau for use with toll or local crossbar, step-by-step and manual, or combinations of toll 
and local plant. This desk is generally employed where not more than one desk position 
is required, and observations are confined to circuits at the same location as the desk. 
This desk is equipped with a cord circuit, operator’s telephone circuit, jacks, lamps, keys, 
and other equipment for observing on lines and trunks. 

For mechanically operated systems, pen registering equipment is also employed to re- 
cord the subscriber dial and line registering pulses, as required. 

Central observing desks require direct lines to the various offices which are to be ob- 
served, and as many desk positions as necessary to make the desired observations. 

The information obtained by means of these desks is a very important aid in improving 
operator and equipment efficiency and in bettering service generally to the public. 

INFORMATION DESKS are provided at individual offices or central locations to 
furnish subscribers with information about telephone numbers not listed in the telephone 
directory or changed from the directory listing and about many other items essential in 
assisting the subscribers to secure a wholly satisfactory telephone service. Up-to-date 
files of telephone listings are maintained at the information desks accessible to each in- 
formation operator. Centralized information desks require that subscribers in each 
office be routed over the trunking system, provided for such service, to the centralized 
desk. Individual office information desks are reached over direct intraoffice trunks. 

CHIEF OPERATOR DESKS are, if required, located one in each office. Various types 
of calls are referred to the chief operator, who is in direct charge of the operating forces. 
Complaints from the subscriber about the service rendered or any other items regarding 
the wishes of the subscriber in connection with calls the handling of which is not the 
operator’s function are referred to the chief operator or a supervisor. 
| Trunks are provided from manual or DSA boards to the chief operator desks, over which 
these calls are routed. 

REPAIR SERVICE DESKS are required in all but the very small offices to receive 
subscriber complaints of service or reports of trouble encountered with the substation 
equipment or telephone plant in general. Many other types of reports from the public 
are also referred to these desks, which are convenient contact points for subscribers. Rec- 
ords are maintained of troubles reported and cleared on subscriber lines, and valuable data 
are secured from them for studies of troubles and their elimination. 

Repair trunks are provided at individual offices or to a central point for receiving these 
calls except in small offices where such calls are usually received at local testboards. 


6. COMMON SYSTEMS 


MAIN DISTRIBUTING FRAMES (MDF) are required in central offices for terminat- 
ing the outside local and toll lines, which are usually brought into the office on cable pairs. 
These pairs terminate directly on protector strips, mounted vertically on the vertical side 
(VMDF) of the frame. In the smaller offices local and toll MDF are usually combined; 
in the larger installations, involving a number of toll and toll entrance cables, separate 
local and toll frames are provided. Terminal strips with insulated metal terminals are 
mounted horizontally in rows (shelves) on the horizontal side (HMDF) of the frame, and 
these terminals are cabled to an intermediate distributing frame (IDF). Cross-connecting 
wire (jumpers) may be run between any vertical protector strip and any horizontal ter- 
minal strip so that any incoming line on the VMDF may be connected to any pair of ter- 
minals on the HMDF. Other arrangements of protector and, terminal strips are also 
used, depending on the needs of the individual office. 

INTERMEDIATE DISTRIBUTING FRAMES (IDF) are usually employed in both 
manual and mechanical offices for local and toll lines. These frames have terminal strips 
on both the horizontal (HIDF) and the vertical sides (VIDF) of the frame. For manual 
local lines cabling from the MDF is terminated on the HIDF terminal strips, to which 
cabling from the manual A and B boards is also multipled. For small subscriber lamp 
multiple and single office boards, the B board and its cabling are omitted. The subscriber 
answering jacks in the A board and the line circuit equipment are cabled to the vertical 
terminal strips (VIDF). Cross-connecting wire may be run between any horizontal and 
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any vertical terminal strip, thus providing a means of connecting any outside line to any 
subscriber A and B board multiple jack and to any answering jack and line circuit. By 
properly distributing heavy and light calling lines throughout the switchboard, traffic loads 
can be more uniformly spread over the operator positions. 

Relay racks are also provided for mounting various types of apparatus, such as relays, 
repeating coils, apparatus mounted on panels, testing equipment, and many other equip- 
ment units. f 

PROTECTORS are provided at the vertical side of the MDF in all central offices having 
exposed outside cable or open wire plant in order to protect the equipment from damage 
due to excessive voltages and currents from foreign sources such as lightning and power 
lines. Figure 48 shows a typical protector used at main frames. Where the outside cable 
enters aerially and is exposed to these foreign sources, as it may be in small offices, fuses 

are also required in the circuits, unless the 
entering cable has at least 6 ft of 24 or finer 
incon. aoe gage cable inserted in it in such manner that 
no power line contacts can occur between 
ae the point of insertion and the MDF. 
SS TO CENTRAL The protector consists principally of a 
} OBRICESEOUIE MENT spring assembly, arranged to hold two heat 
coils and two sets of protector blocks, one of 
each for each side of a metallic line. The 
heat coils designed to protect delicate cen- 
tral office equipment usually operate if 0.35 
amp flows for 3 hours or longer or if 0.54 
amp flows for more than 210 sec. This coil 
consists of a small coil of wire wound around 
_e- HEAT COIL, a copper tube, into which is inserted a metal 
: i pin held in place by easily melting solder. 
}) 


The coil of wire is placed in series with the 
line conductor, and if sufficiently heated the 
solder melts, releasing the metal pin, which 
is forced against a grounding spring by the 
outside line spring of the protector. Several 
types of protectors and heat coils are avail- 
tat RROTEGTOR: BLOCKS able; some of the heat coils open the line 
Ee EE EOF MAIN conductor when they operate and may be 
Pia. 48° Milk’ Fame Protecton Site Ment Coils reset mechanically without replacing or 
and Protector Blocks (Courtesy Bell System) resoldering the coil. The protector blocks 
consist of a porcelain block with carbon in- 
sert and a solid carbon block, a pair to each side of the line, the air gap between the insert 
and carbon block being about 0.003 in. This gap will, on the average, break down at 
about 350 volts potential. 

The protector ground bars are bonded to a main-frame ground bar which is connected 
to the office ground. 

TESTBOARDS are provided in all attended central offices, and testing equipment of 
suitable design in all offices, for the purpose of determining the condition of lines and 
equipment, either because of reported or indicated trouble or as a trouble-preventive 
measure. 

Many types of test cabinets and testboards have been made available to meet the needs 
of the particular location in which they may be installed. 

In small manual local offices test cabinets, equipped with voltmeter (with batteries), 
test keys and cords, trunks, and in some cases an external Wheatstone bridge, are em- 
ployed. In large manual installations a number of positions of testboard may be used, 
depending on the volume of repair and subscriber installation work involved. Each of 
these positions usually has a voltmeter, test keys and cords, trunks, and access to one 
Wheatstone bridge, as required. Lines and equipment are tested on reports of trouble 
or after installation work is completed, and, in case of trouble, its location is determined 
and the trouble is cleared by outside repairmen. 

In manual toll offices testboards (primary, secondary, or both) are arranged with a 
group of jacks for each toll circuit, which is wired through these jacks before reaching the 
toll switchboard. The test positions are provided with voltmeter, Wheatstone bridge, 
test keys and cords, and trunks for testing lines and equipment and locating and 
clearing troubles. The testboard jacks also serve to patch lines and equipment to spare 


lines and equipment when the regular layout is in trouble or to make temporary circuit 
changes. 
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In step-by-step local or toll offices the testboard equipment is comparable to that provided 
in manual offices except that the positions are equipped with dials and dialing trunks for 
connecting to the various lines and equipments. 

In panel dial and crossbar local offices a local test desk test selector frame is employed, 
consisting of a bay for sequence switches and a bay for relays, with terminal strips located 
at the side of the frame. This frame is used to associate the local test desk with the final 
selectors which are arranged for testing subscriber lines. The operation of the cutoff 
relay in the subscriber line circuit may be controlled from a key in the test desk. The 
six first selector circuits which connect to trunk circuits in the test desk have access to any 
one of 15 second selectors, which terminate in final test selectors. Test trunk ringing 
circuits are furnished as required. The test desk is equipped with voltmeter, test keys 
and cords, trunks, Wheatstone bridge if desired, and other necessary apparatus for check- 
ing the condition of and locating and clearing trouble on lines and equipment. In addition 
to the test desk there are various frames for testing the operating condition of the equip- 
ment, such as the outgoing trunk test frame, decoder test frame, and multiple registra- 
tion test unit. 

In crossbar toll offices a toll test board is provided for making overall tests on the toll 
trunks in order to locate troubles and restore the trunks to normal. A jack field is pro- 
vided through which the intertoll trunks are wired, and miscellaneous trunks are ter- 
minated in this field. The circuits in this testboard are four-wire, requiring twin plugs. 
For talking and monitoring, the circuits are reduced to two-wire by means of a hybrid 
coil. A transmission-measuring system with the readings projected on screens at the 
ends of the testboard, a noise-measuring unit, and a variable oscillator are provided as 
part of the testing equipment. Outgoing toll trunks may be locked out (made busy) and 
tested by dialing through the trouble tracing frame, which seizes the incoming trunk con- 
nected to the outgoing trunk in trouble or to be tested and lights a lamp associated with 
that trunk at the testboard. The desired outgoing trunk may also be seized by plugging 
a test cord into the test jack appearance of the incoming intertoll trunk and operating the 
lockout relay in the outgoing trunk through the connecting switches. 

In addition to the toll testboard a maintenance center is provided for each No. 4 crossbar 
toll system, in which various testing frames are located with a chief switchman’s desk and 
files in front of the frames. 

The maintenance forces at this center are occupied with responding to alarms, making 
tests, following up trouble reports and assistance requests, and mainta‘ning records of the 
operations. 


7. POWER SYSTEMS 


Power equipment for central offices is required to provide direct current for talking and 
signaling and alternating and pulsating current for signaling and for many other aux- 
iliary needs in telephone operations. 

Power equipment for magneto offices usually consists of dry cells or a battery 
eliminator to supply direct current to the operator’s telephone set and a hand generator 
and power-operated ringing device for ringing subscriber bells. Magneto subscriber 
telephones are supplied transmitter current by dry cells at each telephone or other power 
sources. 

Power equipment consists of motor-generator sets and rectifier units (in common-battery 
offices) for supplying direct current for the energization of subscriber telephone trans- 
mitters, private branch exchanges or private automatic exchanges, central office cord and 
operators’ circuits, relays, switches, alarms, carrier systems, telephone repeaters, and 
many other central-office units. Continuity of service is insured by the provision of 
storage batteries which float across the d-c office power supply and, in case of commercial 
power failure, will carry the office load for a short period of time, and by duplicate charging 
units operated by other than commercial electric power. 

The types of charging and load supplying power units (including storage batteries) and 
of the signal supply units vary over a wide range of equipments, which have different 
capacities, functions, and characteristics depending on the office power load demands and 
the purposes for which the units are designed. 

All common-battery offices, both local and toll, require 24- and 48-volt d-c supply, which 
may be provided by regulated rectifiers (mercury vapor, tungar, copper oxide, or selenium 
types) for the smaller loads; and motor-generator sets, singly or in multiple units, for the 
larger loads. In all cases, storage batteries of suitable capacity to provide for the 24- and 
48-volt demand are bridged across the d-c power supply leads on a float basis; that is, the 
office load is carried by the generating units, the batteries serving as an emergency source 
of power. These offiees may also require a 130-volt plate supply for carrier systems, 
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telephone repeaters, and other vacuum-tube devices, which supply may be furnished 
from regulated rectifiers for small loads or from motor-generator sets for the larger loads. 
Storage batteries of the proper capacity are also required across this supply on a float 
basis for emergency reasons. Figure 49 shows a typical central-office power-plant ar- 
rangement with a single floating battery and automatic control. Although only one 
motor-generator set is shown, it is the usual practice to add these units for multiple opera- 
tion as required. 

Ringing and signal supply units may be of the vibrator or subcycle converter type for 
small offices or motor-generator sets for the larger offices. These units are designed to 
supply the usual 20-cycle, 75 to 175 volt ringing power, but certain multifrequency sets 
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Fie. 49. Typical Central Office Power Plant Arrangement with Single Floating Battery and Auto- 
matic Control (Courtesy Bell System) 


are also available for supplying harmonic frequencies of 16 2/3, 33 1/3, 50, 66 2/3, and, if 
desired, 25 cycles, at from 75 to 175 volts, for selective party-line ringing. These units 
also provide 110 to 120 volt d-c coin control supply, superimposed ringing with 46 to 52 
volt silent interval tripping battery supply, howler tone (applied to lines with receivers 
left off the hook), interrupter tones of various frequencies for operator and subscriber 
signals, such as busy, trouble, or operating procedure. 

In addition to the above types of signaling units there are several different types of 
single and multifrequency generators producing frequencies for signaling, such as 135 and 
1000 cycles, and for vacuum-tube oscillators. 

All power equipment is automatically regulated to close limits. 


RADIO TELEPHONE SYSTEMS 


Radio telephone systems have been in operation for over 25 years, but with the growing 
need for such systems in recent years, accelerated by World War II, they are rapidly 
coming into use for many purposes in the communications field. Many of these systems 
are arranged for connection to wire telephone plant, so that subscriber stations may be 
interconnected over radio channels and wire line extensions to give local, national, and 
world-wide service. 
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8. APPLICATIONS 


Radio telephone service is being employed today (1) between all of the larger and many 
small countries, (2) within individual countries, (3) between ships at sea and fixed land 
stations, (4) between coastal harbor and inland waterways ships and fixed land stations, 
(5) between mobile vehicles of various classes and stationary points or other mobile units, 
(6) between planes and ground stations or other flying planes, (7) directly between persons 
(walkie-talkie), and (8) for special and emergency use, such as for fire, police, emergency 
repair units, and for temporarily bridging gaps in telephone lines that have sustained 
major damage. 

Development work and trial tests are in progress for the use of radio channels (1) be- 
tween and within trains and railroad operating control points, and (2) for rural line tele- 
phone service. An important activity, now in the experimental stage, is the use of super 
high-frequency (microwave) radio systems for toll telephone, television, facsimile, and 
other services. Undoubtedly many other applications of value to the public will be found 
for radio telephone systems. 

Radio telephone systems may be listed at present under the following general classi- 
fications: 


. Urban mobile. 
Airways mobile. 

. Railway mobile. 

. Rural subscriber. 

. Special emergency. 


1. Long-haul toll. 

2. Short-haul toll. 

3. Coastal harbor and 
inland waterways. 

4. Highway mobile. 


Table 1 lists some of the principal operating data regarding these systems. 

A new microwave radio relay system, using frequencies between about 2000 to 12,000 or 
more megacycles, is installed between New York and Boston. This system, using “‘line- 
sight” frequencies, requires seven intermediate relay stations, spaced on the average about 
30 miles apart and located on relatively high elevations, as shown in Fig. 1. This trial of 
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Fia. 1. New York-Boston Radio Relay System (Courtesy Bell System) 


microwave transmission is for the purpose of determining its efficiency, dependability, 
and economy for multiplex telephony and for interconnecting sound broadcast and tele- 
vision stations, and its application in the network of communications routes. The very 
broad band of frequencies available for experimental use in the super high-frequency 
(SHF) range, coupled with the fact that these waves tend to travel in a straight line and 
are capable of being beamed by means of guiding lenses and reflectors, provides a promis- 
ing field for experiments in communications, with the probability of eventually securing 
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large groups of telephone, telegraph, television, sound broadcast, and other useful chan- 
nels. 

The multicavity magnetron, a high-frequency power generator developed for radar, 
has made possible 10,000-Mec frequency currents with peak powers ranging from 10 to 
1000 kw for very short intervals of time. 

The microwave radio relay system has been given a valuable tool in the lens-antenna, 
consisting of an array of small metal plates mounted in a frame about 10-ft square. This 
lens employs the same principle in focusing radio waves into a pencil beam as an optical 
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Jens does in directing light waves. The radio waves are fed into this new lens-antenna 
through a hollow-tube wave guide and horn at the rear, the waves spreading out along 
the hornlike shields to the lens plates, which bend the waves and direct them out of the 
front of the lens to produce an emergent wave front parallel to the front of the lens. This 
type of antenna causes less wave distortion due to dimensional variations than would re- 
sult from such variations in a parabolic reflector, and greater manufacturing tolerances 
therefore are permissible. Also, the horn-type shield at the rear of the lens reduces rear- 
ward radiation, present in reflector antennas, and the front of the lens may be protected 
from weather by a plastic covering. 

Multiplex operation over microwave radio channels was developed by the Bell Labora~ 
tories during World War II for use of the U. 8S. Army Signal Corps and proved to be of 
great value to the armed forces. Its full possibilities for commercial service are being 
explored. Army-type pulse modulated microwave systems are now in commercial service 
between Los Angeles and Catalina Island as well as from the mainland to Nantucket Is- 
land. As developed for war purposes, multiplex operation employed a highly directive 


APPLICATIONS 17-59 


and sharply focused microwave beam of about 5000 Mc which carried eight separate mes- 
sages. The intelligence of each channel is conveyed by varying the time position of the 
1-microsecond channel pulses, eight of which (one for each channel) are transmitted in 
sequence, 8000 times a second. Thus, if a 1000-cycle tone is being beamed over one chan- 
nel, one cycle of this tone requires 1/1009 of a second, during which time eight pulses, spaced 
at approximately equal intervals throughout the one cycle, would be transmitted. At 
the receiving terminal these pulses are received in sequence by their respective channel 
and, being representative of the electrical intelligence at the originating terminal, are re- 
converted into sound intelligence. Two- 
way operation is obtained by using a 
separate radio channel in each direction 
of transmission. Because of the method 
of transmitting, this system has been 
designated as pulse-position modulation 
(PPM). 

Coastal harbor and inland waterways 
radio telephone systems are extensive, 
one consisting of 14 basic shore stations, 
strategically located to cover the entire 
coast from Maine to Florida, to Texas, 
and up the Pacific coast to Seattle. Fig- 
ure 2 shows a circuit of one of the shore 
stations. Note that by use of the mon- 
itor jacks the shore operator can select 
the receiver giving the best reception. 

Highway mobile radio telephone sys- 
tems give the operator the same facility. 
These systems consist principally of 
(1) os Pe ence aii) a Fic. 3. Mobile Radio Transmitter and Receiver in 
transmitters (about 50 to 100 miles Auto Trunk (Courtesy Bell System) 
apart) and associated receivers at fixed 
locations along the intercity highway which the system is to cover, (2) f-m radio trans- 
mitters and receivers for the mobile units, and (3) a control terminal associated with each 
fixed transmitter. 

Wire lines connect the fixed receivers to the control terminal, which provides for link- 
ing the transmitter and as many as eight receivers to a two-way, two-wire line to the 
central office handling the system. 

In operation, a customer desiring connection with one of his mobile units moving along 
a highway between his city and a distant point which is covered by a radio system asks 
for the mobile service operator in his city. This operator has access over a wire circuit 
to the various radio transmitters along the 
highway and, on the basis of the probable 
location of the desired mobile unit as fur- 
nished by the customer, a code assigned 
to the particular vehicle is dialed and is 
transmitted by wire and by the selected 
radio transmitter to the called vehicle. 
This code activates a selector set in the 
vehicle, which gives a visual and audible 
alarm. In calling from the vehicle, the 
occupant removes his handset from its 
holder and presses his push-to-talk hand- 
set button, which causes his transmitter 
z a c een 9h tosend out a signal. This signal is re- 
Radio Gre TER eas ‘Nato apes Set Panel ceived: by oo nearest fixed receiver along 

(Courtesy Bell System) the route being traveled by the vehicle, 

which converts the radio- to a voice-fre- 

quency signal. This signal then passes along the receiving wire circuit to the terminal 
equipment at or near the telephone office and signals the mobile service operator. 

Figure 3 shows a mobile installation of a transmitter and receiver in the trunk compart- 
ment of an automobile; Fig. 4, a control unit and handset under the dashboard of an 
automobile; and Fig. 5, a schematic of a two-tone selective signaling mobile unit. 

Urban mobile radio telephone systems employ equipments like those in the highway 
mobile service for transmitting and receiving telephone messages or signals. However, 
since such systems are intended to cover only an individual city and its adjacent territory 
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(up to about 20 to 25 miles from the transmitter), usually only one transmitting station 
is provided at a central location in the city and a number of receiving stations are strate- 
gically placed within the area to be served, so that the mobile transmitter signals will be 
received and carried to the central office in the city, wherever the vehicle may be in the 
area. One additional feature not provided in highway service is a one-way signaling serv- 
ice: when certain signals are received by the occupant of the vehicle, certain action is to 
be taken. Voice communication is not given in signaling service. 

The fixed f-m transmitter will generally have a power output of 250 watts using an as- 
signed frequency in the 152-162 Mc band. The mobile f-m transmitter will usually 
have a 15-watt output at a different frequency in this band. Initially, mobile units will 
be limited to one channel for a given city, and a number of such units will be assigned to 
the same channel. 

Selective signaling units, actuated by coded dial pulses transmitted from the fixed trans- 
mitter and installed in the vehicles, will insure signaling only the vehicle being called. A 
two-letter, five-digit code will be used, such as WU 2-5556, which will not be duplicated 
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on the same frequencies, where interference might result. Since the mobile selector set 
operates the calling signal on the twenty-third pulse, the sum of the digits (not including 
letters) will always add up to 23, unless the plan of selection is later changed. Differ- 
entiation between vehicles operating only in one local area and those that may operate in 
more than one such area will be effected by assigning different code letters to the two 
classes of vehicles. 

Railway mobile radio telephone systems are now (1949) under trial tests by several 
railroad companies (1) between trains and railway control points, (2) within the train 
itself, and (3) for use of the passengers in talking to fixed telephones. 

The last-mentioned service makes use of highway mobile installations, which in most 
cases parallel the right-of-way. Service between passengers on moving trains and land 
telephone systems may be rendered by carrier-induction methods, rather than by radio, 
or by both types of transmission, as may seem best in the future. 

Rural subscriber radio telephone systems are now in the trial stage, employing assigned 
frequencies within the 152 to 162 Mc band and low-power transmitters. 

At Cheyenne Wells, Colo., a system has been installed (operating on a trial basis in 
the frequency range of 44 to 50 Mc) which provides for rural radio service to eight ranches 
located from 11 to 21 miles from the town. None of these ranches are reached by either 
power or wire telephone lines, the operating power for the ranch radio sets being obtained 
from home electric plants. Four of the ranches are served by direct radio links to the 
Cheyenne Wells central office; the other four are reached by relatively short wire ex- 
tensions from a nearby radio-equipped ranch. At the central office the eight stations 
are grouped, through terminal equipment, to form an eight-party rural line. 

Radio equipment at each of the first four ranches includes a transmitter, receiver, a 
telephone set, and two antennas. The 10-watt transmitter and associated receiver are 
housed in a steel cabinet, which can be located out of sight, with only the telephone in- 
strument in view. The antennas are mounted on a pole or atop one of the ranch buildings. 

At Cheyenne Wells, the equipment includes a 50-watt transmitter, receiver, and ter- 
minal equipment for associating the various radio links with the central-office switchboard. 

Further studies will be made, based on the results of the trial tests, to determine the 
most practicable types of radio equipment to employ for rural service. 
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Special emergency radio telephone systems have been in operation for many years to 
serve fire, police, forestry, highway, utility companies, and a number of other services. 
Operation is of low power output at frequencies generally within the 1.6-3.3 and the 
30-40 Me bands. 

The equipment employed for the mobile services is, in general, similar to the types dis- 
cussed under coastal harbor, highway, and urban mobile service with variations required 
for the particular type of service involved. 

The telephone and other wire-using companies have been using for several years portable 
emergency radio telephone equipment to bridge gaps in open-wire lines resulting from 
sleet, flood, or wind damage. 

One type of portable radio telephone system for emergency use employs a 50-watt 
transmitter arranged to operate at one of ten selected frequencies within the 2.0-3.1 Me 
band, and a receiver adjustable for any frequency within the 2.0-3.1 Mc band. One 
antenna at each terminal is switched between the transmitter and receiver, depending on 
the direction of transmission, by a voice-operated control unit. A volume limiter in the 
transmitter, and automatic volume control and a codan (carrier-operated device, anti- 
noise) in the receiver, regulate the transmitter modulation and the receiver output and 
operation to provide uniform transmission. Its operating range varies with the type of 
terrain, noise, and atmospheric conditions from about 25 to 50 miles. Power for the 
terminal units is obtained from 110-120 volt, 60-cycle supply. A sensitivity control 
circuit actuates the transmitter at a minimum level of —47 dbm (47 db below 1 milliwatt) 
and likewise prevents line noise or room noise from causing false operation of the equip- 
ment. 


9. TRANSMISSION AND OPERATIONAL METHODS 


Quiescent transmitter operation is employed either to save power or to permit the 
installation of a single transmitter and receiver at the same location under conditions which 
otherwise would prevent satisfactory communication. The transmitter is provided with 
manual or voice-operated control means which render it sufficiently inactive during idle 
intervals so that emission from it does not interfere with reception. If saving power is an 
objective, the switching is directed toward securing minimum power input during qui- 
escent periods. 

Two sidebands and carrier transmission is the most commonly used method, owing to 
the simplicity of signal generation and detection. It requires a radio transmission band 
equal to twice the highest audio frequency to be transmitted. The carrier contains no 
intelligence-bearing signal component but simplifies detection and is useful for such con- 
trol purposes as automatic tuning and volume control at the receiving end and for the 
operation of auxiliary relays. The power required to transmit the carrier is large com- 
pared with that required for the sidebands, and if the carrier is transmitted continuously 
it represents a considerable loss. In the case of 100 per cent modulation by a single- 
frequency tone, the carrier power is twice the sum of the power in the two sidebands. 

Spread sidebands and carrier transmission uses sidebands displaced from their normal 
positions in relation to the carrier by an amount approximately equal to the audio band 
transmitted. It is sometimes used when inverter-type privacy is employed, because the 
spreading then can be accomplished without additional modulating equipment and merely 
requires that the inverter be designed for different input and output frequency bands. 
Advantage: less stringent distortion requirements are imposed on radio equipment be- 
cause predominant intermodulation products fall outside the used band. Disadvantage: 
communication band, much wider than otherwise necessary, is occupied inefficiently. 

Two sidebands, suppressed carrier, transmission has not been used, because the diffi- 
culties of correctly maintaining the phase of the reintroduced carrier at the receiving end 
generally offset the advantage of saving in power capacity at the transmitter. Further- 
more, suppression cf one sideband as well as the carrier usually offers additional advantages 
with less stringent synchronization requirements, since in this case the frequency of the 
reintroduced carrier can depart from the correct value by a few cycles without appreciable 
mutilation of speech quality, and it can be off as much as 20 cycles without noticeably re- 
ducing articulation. 

Single sideband, suppressed carrier, transmission has certain important advantages 
which are especially valuable in long-wave systems where transmitter power capacity, 
communication band width, and static interference are controlling factors. These ad- 
vantages, referred to double sideband and normal carrier modulated 100 per cent, are: 
6-db increase in intelligence-bearing signal for same transmitter amplitude capacity, 
3-db reduction in random received noise, no emission from transmitter during idle periods, 
and radio transmission band no greater than audio band width. Disadvantages: more 
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complicated modulating process; precision frequency control is required in order to re- 
introduce at the receiver the carrier suppressed at the transmitter; transmitter power 
supply is subjected to large load variations at syllabic frequencies. This method is em- 
ployed in the long-wave and short-wave systems between New York and London and on 
some radiotelephone systems. In the short-wave system, synchronization of the re- 
introduced carrier at the receiving end is accomplished satisfactorily by transmission of the 
carrier or an equivalent pilot signal reduced 10 to 20 db below normal carrier. : 

Privacy is usually achieved by modifying the signals in one or more ways which render 
the message substantially unintelligible unless received with special equipment. Devices 
called speech inverters have been developed which reverse the sequence of the audio fre- 
quencies before modulation in the radio transmitter; reinversion is then necessary after 
detection at the receiver. Additional privacy is obtained by varying the radio carrier in 
a cyclic manner. A more complicated method, known as split-band privacy, involves 
dividing the total audio band into several narrow bands. These can be inverted and/or 
transposed in various arrangements, and the combination can be changed frequently. 
All these methods have been applied successfully to radio circuits. 


10. PRINCIPLES OF TWO-WAY OPERATION 


SYSTEMS WITH FOUR-WIRE TERMINALS. Since the emission of radio waves 
and their subsequent detection at a distant point constitute inherently a unilateral proc- 
ess, duplex operation requires two one-way radio systems acting in opposite directions. 
Such an arrangement for telephony is shown in Fig. 6. At each end of the system a 
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Fic. 6. Simple Radio System—Four-wire Terminals 


microphone is connected to a radio transmitter and a telephone receiver is connected to a 
radio receiver. Thus, two persons can converse provided the radio transmission east- 
ward does not interfere with the transmission westward; i.e., radiation from 7» reaching 
R; must not prevent R; from functioning satisfactorily in receiving signals from 7). Like- 
wise radiation from 7; at Re must not interfere with reception of signals from J). For 
the condition where the person at W is talking and the person at # is listening, the effect 
of T, at R, may be (a) increased noise, (b) distortion of signals from 7}, (ce) detection of 
unwanted signals. Furthermore, the effect of 7; at Re may result in a return signal to 
W which is quite disconcerting. If the person at W hears himself talking in reasonable 
volume, it will not disturb him unless there is sufficient delay to give an echo effect. How- 
ever, if he hears unintelligible sounds in like volume, they will seriously disturb him. 
Such sounds appear if R: is overloaded by high field intensities from 7; or if T; produces 
extra-band radiation within the selectivity band of R2 and of sufficient intensity to be 
detected. 

The forms of interference outlined above are prevented by adapting one or a combina- 
tion of the following expedients: (a) use of different frequency bands for the two direc- 
tions of transmission, (b) geographical separation of the radio transmitter and receiver, 
(c) use of directional antennas, (d) suppressing all emission from transmitters except during 
transmission of wanted signal and disabling and protecting local receivers during active 
intervals of adjacent transmitter. Accomplishing (d) involves switching operations. 
Manual control of the switching is satisfactory for experienced talkers, but voice-current 
control is favored for more general use. Single sideband, suppressed carrier systems are 
less susceptible to interference than other systems and may be used more readily without 
switching arrangements, if the transmitter and receiver are separated sufficiently. 
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In planning a specific system, there is a wide variety of circumstances, including eco- 
nomic factors and the characteristics of the particular apparatus to be used, which de- 
termine the selection of the method or combination adopted. There are no clearly de- 
fined dividing lines, but it may be stated rather generally that the use of (a) or (d) alone is 
satisfactory for short-distance working. All long-distance systems employ at least (a) 
and (b) or (b) and (d). Geographical separations range from a few hundred feet to sev- 
eral hundred miles. Use of (c) reduces the distance necessary. With (a) the necessary 
geographical separation is determined by the attenuation required to bring the ratio of 
field intensities of the wanted and unwanted signals within the limits of the receiver se- 
lectivity and overload characteristics. With (d), geographical separation is necessary 
for high-power transmitters, to avoid exposing the receiving system to noise due to spu- 
rious emanations from parts of the transmitting apparatus or the associated power-supply 
system. 

SYSTEMS INTERCONNECTING WITH TWO-WIRE EXTENSIONS. Since stand- 
ard telephone subscriber loops are two-wire circuits in which messages in opposite direc- 
tions traverse the same wire path, the two oppositely directed radio paths in Fig. 6 must 
be arranged to terminate two-wire. The ordinary hybrid coil arrangement common in 
telephone repeaters and four-wire cable circuits fails to solve this problem except where 
the radio circuit meets all the requirements imposed by wire practice on corresponding 
wire circuits. This is seldom possible or economical on account of difficulties peculiar to 
the radio paths. In wire systems, transmission levels remain fixed within closely es- 
tablished limits, and signal volumes vary over a considerable range. In radio circuits, 
comparatively large variations in attenuation sometimes occur in relatively short intervals 
of time, except over extremely short-distance paths, and these tend to cause retransmission 
of received signals at such amplitudes that severe echoes and even singing around the two 
ends of the circuit will occur unless means are provided to prevent it. Furthermore, for 
all long-distance working, it is uneconomical to provide transmitter capacity which will 
permit appreciable variations in signal volume. To obtain maximum signal-noise ratios 
at the radio receivers, it is essential that the speech currents fully load the transmitters. 
This requires gain adjustments between the hybrid coils and the transmitters to suit the 
particular talkers and the condition in the connecting wire circuits. 

To overcome these fundamental transmission difficulties, automatic switching systems 
operated by the voice currents of the speakers have been developed. These devices block 
the radio path in one direction while speech is traveling in the reverse direction and also 
keep one direction blocked when no speech is being transmitted. The operation is so 
rapid that it is unnoticed by the telephone users. Since these systems prevent the exist- 
ence of singing and echo paths, their use permits the amplification to be varied at several 
points almost without regard to changes in other parts of the system, and it is possible 
by manual or automatic adjustment to maintain the volumes passing into the radio link 
at relatively constant values irrespective of the lengths of the connected wire circuits and 
the talking habits of the subscribers. 

Figure 7 is a schematic diagram of one end of a circuit showing the essential features of 
a voice-operated device. This kind of apparatus is capable of taking many forms and is, 
of course, subject to change as improvements are developed. The diagram illustrates how 
one of these forms might be set up. This form employs electromechanical relays. The 
functioning of the apparatus illustrated is briefly as follows: the relay THS contact is 
normally open so that received signals pass through to the subscriber. The relay SS con- 
tact is normally closed to short-circuit the transmitting line. When the subscriber at 
W speaks, his voice currents go into both the transmitting detector and the transmitting 
delay circuits. The transmitting detector is a device that amplifies and rectifies the voice 
currents to produce currents suitable for operating the relays THS and SS, which there- 
upon short-circuit the receiving line and clear the short circuit from the transmitting line, 
respectively. The delay circuit is an artificial line through which the voice currents re- 
quire a few hundredths of a second to pass so that when they emerge the path ahead of 
them has been cleared by the relay SS. When the subscriber at W has ceased speaking, 
the relays drop back to normal. The function of the receiving delay circuit, the receiving 
detector, and the relay RES is to protect the transmitting detector and relays against op- 
eration by echoes of received speech currents. Such echoes arise at irregularities in the 
two-wire portion of the connection and are reflected back to the input of the transmitting 
detector, where they are blocked by the relay RHS which has closed and which hangs on 
for a brief interval to allow for echoes that may be considerably delayed. The gain con- 
trol potentiometers, shown just preceding the transmitting and receiving amplifiers, are 
provided for the purpose of adjusting the amplification applied to outgoing and incoming 


signals. 
The relief from severe requirements on stability of radio transmission and from varying 
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speech load on the radio transmitters, which such a system provides, permits much greater 
freedom in the design of the two radio circuits than would otherwise be possible. In the 
system shown in Fig. 7 interference between local transmitter and receiver, as outlined 
previously in discussing Fig. 6, is prevented by such geographical separation as may be 
necessary in combination with either the use of two communication bands or single side- 
band, suppressed carrier, transmission. When one communication band is used for both 
directions with carrier and double sideband transmission, the switching systems of the 
type shown in Fig. 7 are extended to operate additional devices which suppress the car- 
rier at the transmitter and disable the receiver. This switching is necessary to protect 
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Fic. 7. Two-wire Radio Terminal Showing Arrangement of Voice-operated Switching Devices 


the receiver where it is exposed to intense fields from the transmitter. When privacy ap- 
paratus is included in an installation, the voice-frequency switching is frequently arranged 
to transfer the same privacy unit from the transmitting to the receiving leg of the four- 
wire terminal (or vice versa), thus saving cost of a second privacy unit. 


11. SYSTEM DESIGN 


The designer of a radio circuit is limited to the establishment of certain facilities at the 
transmitting and receiving station which are expected to yield the desired results on the 
basis of available data, computations, and previous similar experience. Beyond this 
point, the performance is inherently a matter of probability, since transmission is subject 
to the vagaries of natural influences entirely beyond the control of man. Sometimes, 
very short-distance circuits can be provided which are substantially immune from these 
influences. However, the designers of long-distance circuits frequently encounter tech- 
nical limitations which determine the maximum degree of reliability attainable, quite 
apart from considerations of cost. 

The design proceeds from a statement, which includes (a) type and nature of service 
expected, (b) daily hours of operation, (c) general location of terminals, (d) distance cov- 
ered and character of intervening region, (e) overall transmission requirements, (f) future 
plans. From these flow the requirements and compromises which ultimately determine 
the selection of transmission frequencies and methods; the location and general arrange- 
ment of transmitting, receiving, and voice terminal stations; and the choice of equip- 
ment. 

Systems requiring separate transmitting and receiving stations usually involve expend- 
itures which warrant a fairly comprehensive preliminary survey. The survey includes a 
search for suitable station sites and measurements of received field intensities, noise levels, 
and angles of wave arrival over the approximate path at substantially the proposed fre- 
quencies. This survey frequently can be effected by observing the signals from existing 
telephone or telegraph stations. It serves to substantiate conclusions derived from 
computations and from available transmission data; it gives important specific information 
concerning noise at receiving sites; and it should serve to disclose any conditions peculiar 
to particular locations which may have a profound effect upon performance. 
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TRANSMISSION REQUIREMENTS are related intimately with the needs and objec- 
tives of individual applications to such an extent that the statements herein should not 
be taken as concrete recommendations but should be regarded principally as guides to the 
items that need consideration when formulating the specific requirements for a particular 
system. 

Circuits terminating four-wire and used only for direct conversations between terminals 
can be operated over a wide scale of conditions all of which may be acceptable for the 
purpose in hand. Circuits interconnecting with telephone plants should conform as far 
as possible to the standards of the wire systems in respect to transmission, stability, dis- 
tortion, and interference effects. Allowance must be made for similar imperfect con- 
ditions in wire transmission. Otherwise the complete connection may be unsatisfactory, 
even though it is possible to converse over the radio circuit alone. With the possible 
exception of very short-distance radio circuits, it is generally true that radio transmission 
conditions vary through an extremely wide range, and it becomes necessary during some 
operating intervals to endure a comparatively poor circuit or temporarily do without one. 
It is desirable, therefore, to make the limiting requirements as liberal as possible. 

Transmission Times. The requirements are no different from those for corresponding 
wire systems. The transmission time, from radio transmitter input terminals to receiver 
output terminals, is seldom appreciably greater than the time required for radio waves 
to traverse from transmitter to receiver. The propagation rate is approximately 186,000 
miles per second. To this must be added time for wire circuits to the control centers, 
time for delay networks used with voice-operated switching devices, and time for any 
delays incurred in other apparatus, such as privacy systems. 

Stability. It is desirable that all equipment adjustments that affect the overall circuit 
performance, and more particularly those that cannot be made without removing the cir- 
cuit from service, retain the established conditions for long periods. 

Receiving-set selectivity, in addition to discriminating sharply against unwanted sig- 
nals, should provide ample margins for the total effect of frequency drifts to be tolerated 
over a period of several hours at all points in the system where base frequencies are gen- 
erated. For example: a system employing a quartz-plate oscillator at the transmitter 
and a well-designed beating oscillator of the tuned circuit type at the receiver, when 
operating at 15 Mc and transmitting audio frequencies up to 3000 cycles, requires an 
intermediate-frequency band width of the order of 8000 cycles (—3 db at 4000 cycles from 
midband). 

When the system is operated on the basis of constant net loss, it is desirable that the 
loss in the radio circuits be held to +1 db. When the system is operated on the basis of 
constant input volume to the radio transmitter and voice-operated devices are used, vari- 
ations of +5 db are sometimes tolerated at the receiving end. When radio transmission 
is subject to rapid variations the receivers are provided with automatic volume controls 
which hold the output volume within a few decibels for wide fluctuations in the signal- 
field intensity. 

Audio distortion is usually specified in terms of transmission band characteristics, 
amplitude or load characteristics, and departure from proportionality of phase shift with 
frequency. Difficulties from the last are seldom encountered in ordinary radio circuits 
used for voice communication. 

Transmission Band Characteristics. The requirements in each instance are closely 
related to the needs of the particular application. Except when using radio frequencies 
less than 100 ke, it is seldom a difficult matter to provide reasonable bands for conversa- 
tional purposes. The minimum requirements for international radio telephone circuits, 
as recommended by the International Consultative Committee on Telephony, are the 
same as for long-distance wire circuits: i.e., 300-2600 cycles as the limiting frequencies 
effectively transmitted. The committee also recommends that future circuits be designed 
to transmit at least 200-3000 cycles. Widening the band improves quality and to a lesser 
extent improves articulation, provided that other conditions do not become controlling. 
For instance, exposure to random noise at the radio receivers is substantially proportional 
to the band width, so that widening the band may not result in improved performance 
under adverse receiving conditions. In the United States, it is customary to specify the 
transmission-frequency characteristic in terms of departure in decibels from the trans- 
mission level at 1000 cycles. 

Amplitude or Load Characteristics. Except when radio circuits are subject to rapidly 
varying transmission conditions, such as those frequently encountered in the short-wave 
range, load tests are made in the same manner as for wire circuits, and the requirements 
are the same for equivalent results. 

The linearity requirements for the transmitting system and the receiving system are 
usually specified in. terms of distortion products resulting from the application of pure 
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tones. The tests are made separately for the two systems. Carrier and double sideband 
systems may be tested with a single tone at varying amplitudes. Single sideband sys- 
tems require two-tone tests. If privacy apparatus is to be used with double sideband 
systems, it is usually required that the total distortion products introduced by the trans- 
mitter alone or the receiver alone and falling within the audio band shall be about 25 or 
30 db below the single tone output for any tone input up to 90 per cent modulation. If 
two equal tones are used on any system, it is generally specified that any distortion product 
falling within the transmission band shall be 20 to 25 db below one tone. (For testing 
methods, see Section 11 and J.R.E. Report of Standardization Committee.) 

Radio-frequency or phase modulation at the transmitters results in troublesome distor- 
tion effects at the receiving station if radio transmission occurs simultaneously over two 
or more paths differing in length by appreciable portions of the wavelength used. This 
situation is encountered in the short-wave systems, and it is sometimes specified that, 
during the modulation cycle, the phase shift associated with frequency modulation or 
phase modulation should not exceed +15°. (For method of test, see I[.R.H. Report of 
Standardization Committee.) 

When no appreciable differences in simultaneous transmission path lengths are en- 
countered, frequency modulation can be tolerated if all the radio equipment has sub- 
stantially a flat frequency-transmission characteristic throughout a band sufficiently wide 
to pass all the essential frequencies generated and if extra-band radiation does not inter- 
fere with other services. 

Interference is caused by signals from other radio circuits and by disturbances generally 
classified as noise. 

Unwanted signals may enter the radio circuit through cross-modulation effects at the 
transmitting station if there are two or more transmitters, or they may enter at the re- 
ceiver. Cross-modulation is likely to occur with open-wire transmission lines. It is not 
difficult to overcome if active lines are well separated and long parallel runs are avoided. 
It results from the impression on the tube circuits of one transmitter of modulated radio- 
frequency voltages generated by a second transmitter coupled to the first usually via the 
transmission lines or the antennas. In special cases, trap circuits or other simple filtering 
devices are introduced when found necessary, but they are objectionable if the same lines 
are to be used for several frequency assignments. 

At the receiving station it is not enough to provide apparatus having comparatively high 
selective properties. It is necessary to know in what manner this selectivity is achieved, 
and what values of unwanted signal voltage may be impressed upon the receiver input- 
terminals simultaneously with the wanted signal. A receiving site and an antenna sys- 
tem must then be selected which will not violate these receiver requirements. 

Noise at the receiving terminal is derived from the connecting wire system, the radio 
transmitting and receiving apparatus, and the radio noise field. If noise from the wire 
system meets the accepted standards for good toll circuits, as it should, it is not likely to 
have a noticeable effect on the performance of the radio circuit. Noise generated within 
the radio transmitter is measured in terms of audio signal by means of a linear monitoring 
rectifier exposed to the transmitter radio output. The audio signal-noise ratio thus ob- 
tained should be somewhat better than the maximum audio signal-noise ratio which it is 
desired to obtain at the receiving end under conditions of high signal-field and low noise- 
field intensities. Noise due to the receiving equipment should never be a controlling 
factor except when approaching the limit of sensitivity. 

Since the effect of noise depends greatly on its frequencies in relation to the audio trans- 
mission band, precautions are necessary in systems employing frequency inversions to 
prevent the conversion of relatively harmless noise into very objectionable noise. This 
conversion may occur if the noise enters any part of the system between points where the 
inversions and reinversions are made. 

The interfering effect of noise is very difficult to express accurately. 


12. INSTALLATIONS 


The successful establishment and maintenance of dependable, long-distance circuits 
with two-wire terminations require careful installation planning, the provision of adequate 
testing facilities, and the consideration of many problems only indirectly related to the 
technical operation of the system. There is a wide gap between this extreme and the 
simple facilities required for short-distance radio circuits without two-wire extensions 
(Section 7). 

TRANSMITTERS AND RECEIVERS AT SAME LOCATION. Small transmitting 
systems for short-distance service are placed at the same location as the receiving sys- 
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tems. The transmitter and receiver are usually self-contained units requiring a single 
connection to the general power supply. If the same frequency assignment is used for 
both directions of transmission a single antenna is sufficient. Manual or voice-controlled 
switching is necessary to change from receive to transmit conditions. If two frequency 
assignments are used without quiescent transmitter operation, it is frequently found more 
satisfactory to employ two antennas slightly separated than to make provision for trans- 
mission and reception on the same antenna. The latter is possible by means of various 
special circuit arrangements but is almost certain to incur a penalty in respect to min- 
imum receivable field intensities. Since the field intensity gradient around the trans- 
mitting antenna is extremely steep, it is seldom necessary to remove the receiving antenna 
more than 50 to 500 ft in order to secure satisfactory conditions. The distance depends on 
transmitter power, type of antenna, frequency difference, receiver selectivity, and load 
characteristics. If the antennas have directional properties, the relative positions should 
be selected, when possible, so that each antenna presents a null in the direction of the 
other. Usually the transmitting antenna is erected near the apparatus, and the receiving 
antenna is placed at a distance from the receiver, connections being provided by suitable 
transmission lines. 

If it is essential that the transmitting and receiving apparatus be installed in close 
proximity, attention needs to be given to shielding to prevent direct interference between 
transmitter and receiver. Receivers designed for this type of installation seldom require 
further shielding when used with transmitters up to about 25-watt capacity, provided that 
the transmitters are also reasonably well shielded. It is a good plan to place receivers 
somewhat away from transmitters for ratings up to about 500 watts. The alternative is 
to provide a special shielded compartment for the ceceiver. This has been done on ship- 
board, where space limitation and operating convenience demand a compact installation. 

As the transmitter power is increased, the possibilities increase rapidly that noise will 
enter the receiver directly or through the receiving antenna from various sources within 
the transmitter or its power circuits. If this occurs, it limits the permissible receiver 
sensitivity and may completely nullify the value of higher power for the purpose of work- 
ing greater distances. Recourse to voice-controlled quiescent transmitter operation 
greatly alleviates this type of interference for installations where two or more transmitters 
are not to be used simultaneously. It is frequently applied to ship systems and ma- 
terially increases the working distances. It is effective only in eliminating noises related 
to the suppressed radio signal components. Around large transmitters the residual noise 
after the carrier or other radio signal components are suppressed still prevents the use of 
extremely sensitive receivers. This is one of the compelling reasons for establishing 
separate transmitting and receiving stations for long-distance circuits, where extremes of 
power and sensitivity are essential. 

SELECTION OF TRANSMITTING STATION SITE. Items requiring consideration 
are: ground conductivity and dielectric constant; general character of surrounding ter- 
rain; position relative to receiving stations; possibilities of interfering with broadcast re- 
ception or that of other services; transportation, power, and telephone facilities; living 
arrangements for station personnel; prevalence of sleet storms; unusual conditions of tem- 
perature, humidity, presence of salt spray; etc. Ground conditions affect antenna design. 
Desirable characteristics depend upon the type of radiating system to be employed, the 
frequencies and the wave angles of transmission (Sections 6 and 10). The terrain in the 
direction of transmission affects the vertical wave angle. Mountains and hills subtending 
large angles are undesirable. Steel towers, buildings, transmission lines, etc., constituting 
sizable obstructions directly in front of short-wave directional antennas, are objectionable 
since they modify the directive pattern. 

THE TRANSMITTING STATION LAYOUT is based primarily on the requirements of 
the antennas and their relation to the transmitter. Usually the antenna or antennas are 
located a short distance away from the building housing the transmitter, and connection 
is made through open-wire or concentric transmission lines. The practice of bringing 
the antenna downlead directly to the transmitter is seldom followed in modern installa- 
tions. Use of uniform transmission lines, all having the same impedance, greatly simplifies 
switching problems. Good values are: open-wire 600 ohms, concentric lines 70 to 80 
ohms. Placing the antennas clear of the transmitter building avoids difficulties in erec- 
tion and maintenance. Short-wave directional antennas are placed so that the building 
is not within the horizontal angle of the principal lobe. 

RECEIVING STATION EQUIPMENT depends somewhat on the number of radio 
circuits involved but is also influenced considerably by the standards established in re- 
spect to service interruptions other than those attributable to the transmitting medium. 
The essential components are: radio receiver and its power-supply units, antennas and 
transmission lines, wire-terminal apparatus and voice-frequency testing equipment with 
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associated power-supply units, general power supply, including emergency power sources. 
Large stations usually have facilities for observing the field intensities of received signals 
and noise and for the precise measurement of received frequencies. These are used to 
check the transmitters which are a part of the system, and those of other systems, which 
create interference. 

SELECTION OF RECEIVING STATION SITE is a matter demanding careful con- 
sideration, especially if long-distance services are contemplated, and it is seldom safe to 
make a final decision without actual observations of signal-field and noise-field intensities 
over a period sufficient to obtain representative data. Items that should receive attention 
are: location relative to transmitting stations of same system and all other nearby trans- 
mitters and sources of man-made noise; local ground conditions and general character of 
surrounding terrain in the direction of wave arrival; transportation, power, and telephone 
facilities; living arrangements for station personnel; prevalence of electrical storms; une 
usual conditions of temperature, humidity, presence of salt spray, etc. 

It is desirable to have the antennas present nulls toward all transmitters in the area 
which are likely to produce any form of interference. 

Likely sources of man-made interference are: high-tension transmission lines, electrical 
machinery in factories, electrical trains, automobiles, airplanes, motorboats, ete. The 
last three mentioned are particularly important in long-distance short-wave reception at 
times when signal-field intensities are low as the result of magnetic disturbances. With 
an extremely sensitive receiver and a directional antenna designed for low-angle reception, 
no serious interference would be expected from automobiles 1 1/2 miles in front of antenna 
and 1/2 to 1/4 mile at the sides and rear. 

Reception of short waves arriving at low angles can frequently be improved from 5 to 
10 db by placing properly designed antennas on ground sloping uniformly downward in 
the direction of the transmitting station at an angle of 5° to 15°. 

RECEIVING STATION LAYOUT. Primary objectives are to place the antennas in 
an advantageous position for the collection of energy from the incoming waves and to 
obtain an efficient arrangement in respect to transmission lines. In choosing directional 
antenna locations, close attention should be given to the position of objects capable of 
reflecting or otherwise redirecting unwanted waves into the sensitive angles of the antenna 
characteristic. 

It is well to adopt a uniform impedance for all transmission lines. Convenient values 
are: open wire 600 ohms, concentric lines 70 to 80 ohms. In order to avoid disturbing 
the incoming radio waves, and also to avoid undesirable currents, transmission lines 
should be placed as near the ground as practicable. However, it is inadvisable to place 
two-wire lines less than 6 ft from the ground. Four-wire balanced lines are disturbed less 
by the proximity of the ground and have been used successfully at 4-ft elevations. Con- 
centric lines may be installed underground. They should always be sealed and, in some 
situations, are further protected from moisture by maintenance of pressure with inert gas. 
Aside from somewhat higher first cost, much can be said in favor of concentric conductors, 
since they substantially eliminate the difficulties encountered with converging lines at re- 
ceiving set locations. At short-wave stations, it is desirable to have all directional an- 
tennas present a null to the building and the road approaching it. 

SHIP STATIONS are usually installed in extremely limited quarters. They require 
compact units, designed to allow inspection and repairs without having access to all sides 
and preferably without disconnection and removal of parts. Rapid frequency-changing 
features are especially important if it is desired to maintain close contact with more than 
one shore station. 

Transmitting and receiving antennas are usually separated as much as possible. Simple 
types are generally used because they are suitable for several frequencies. Horizontal 
directional properties are not desirable. Electrical noise conditions vary widely with 
positions aboard ship. 

A four-wire termination is usually employed to avoid rather expensive control-office 
equipment. Ship’s passengers talk from a conveniently located booth. Circuits are also 
provided from the captain’s quarters or a similar point convenient to the bridge. With a 
four-wire terminal, no voice-operated switching apparatus is needed other than the simple 
devices necessary for quiescent transmitter operation. Voice-frequency apparatus is 
mounted adjacent to the receiver. One attendant supervises all operations and performs 
the duties of a technical operator. If the ship is equipped with radio telegraph as well 
as telephone apparatus, and the two must operate simultaneously, precautions are neces- 
sary to avoid mutual interference. 

SHORE STATIONS are usually equipped to offset, as far as practicable, unfavorable 
conditions aboard ship. This is done by providing transmitter power capacity from 10 
to 40 times that of the ship station, by employing directional antennas, and by selecting 
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a quiet receiving location a few miles away from the transmitting station. Antennas 
having moderately directional patterns (6 to 12 db maximum net gain) are used to cover 
the principal ship lanes effectively. Less directional antennas are needed for general 
coverage. When a ship is close in, at which time the required direction of transmission is 
likely to move rapidly through a wide horizontal angle, antenna gain is less important, and 
a directional antenna, unless it has pronounced nulls, is frequently found satisfactory be- 
cause the unfavorable ship position is offset by the short distance. Otherwise, a simple 
antenna is provided for this purpose. 
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TELEPHONE LINES—TRANSMISSION 
CONSIDERATIONS 


13. TYPES OF PLANT 


SUBSCRIBER LINES (LOOPS) include all types of outside plant facilities needed to 
connect the subscriber station telephones with their local central office. Such facilities 
may consist of cable, either aerial or underground, open (bare) wire, carrier or radio chan- 
nels, or a combination thereof. Generally, cable is used in urban areas as a means of 
serving local subscriber stations; where small urban open-wire plants are still in operation 
they are rapidly being replaced. In rural areas, open-wire lines are still in general use 
except in congested sections, since the fewer lines and longer distances characteristic of 
rural areas make the open wire more economical. As stated above, however, it is an- 
ticipated that radio facilities can be made available, commercially, to serve distant or rel- 
atively inaccessible farms where the costs of providing the usual telephone wire facilities would 
be excessive. 

TOLL LINES, as generally defined, consist of various types of outside plant facilities 
employed to provide toll circuits between toll centers (TC). Those line facilities connect- 
ing TC and tributary offices are considered part of the TC plant. These latter offices, in 
the general meaning of the word ‘“‘tributary,”’ are small offices (in territory adjacent to the 
TC) connected to the TC by one or more tributary circuits and are fully or partly depend- 
ent upon the TC for the handling of their toll traffic. Toll facilities may consist of cable, 
aerial or underground, open wire, carrier or radio channels, or a combination of these. 

Subscriber line facilities, known generally as exchange plant, and toll line facilities should 
be designed and constructed to meet, cooperatively, the overall service objectives which 
are known collectively as service standards. These standards are not fixed for all time but 
change with service needs and advancements in the art of communications. 

TRANSMISSION AND SIGNALING are two fundamental factors to consider in any 
telephone system, whether the connecting facilities between subscribers are wire, carrier, 
radio, or a combination of two or more of these types. If either transmission or signaling, 
or both, are not satisfactory for a given telephone system, the system is not workable 
under modern standards of service. 


14. SERVICE REQUIREMENTS—TOLL 


UNIVERSAL SERVICE is the goal toward which the telephone industry has been 
striving for many years and which, it now appears, will be attained. This goal simply 
means that anyone, anywhere, can talk, telephonically, with anyone else, anywhere else, 
whether the connection be established locally, within the nation, or between any two coun- 
tries in the world. For a number of years it has been possible to talk by telephone from 
any point in the United States to any other point connected to the nationwide toll system 
and to many foreign countries. Worldwide service is being rapidly expanded to include 
those countries not at present reached. 

TRANSMISSION OF SPEECH between two points requires that speech (sound) 
power from the talker actuate his transmitter diaphragm and that the transmitter con- 
vert this power into electrical power, which travels to the distant listener’s receiver, where 
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it is reconverted by the receiver diaphragm into speech (sound) power of approximately 
the same characteristics as the original speech power. It is obvious that the electrical 
power will diminish as it travels over the circuit between the talker and listener stations 
as the result of series and shunt impedances encountered in the lines and equipment which 
constitute the circuit. If the electrical power reaching the receiver is diminished to the 
point where it no longer drives the receiver diaphragm sufficiently to permit the listener’s 
ear to interpret the intelligence carried by the resulting sound waves, then the electrical 
transmission loss in the circuit is too high to permit carrying on a satisfactory telephone 
conversation. It, therefore, becomes necessary to limit overall transmission losses and 
consequently the losses in component parts of circuits, which usually consist of two or 
more sections or links. 

THE GENERAL TOLL SWITCHING PLAN (Fig. 1) as developed for establishing toll 
connections on a manual basis provides a practicable plan for accomplishing universal 


SEE NOTE! 


FOR CIRCUITS DESIGNED TO HANDLE ONLY TERMINAL BUSINESS THE WORKING NET LOSS 
DEPENDS UPON TOLL TERMINAL LOSSES INVOLVED AND UPON OVERALL DIRECT STANDARDS. 
AS A TYPICAL EXAMPLE, WITH A DIRECT STANDARD OF 18 DECIBELS, THE LIMITING VALUES 
OF TERMINAL CIRCUIT NET LOSSES WOULD BE AS SHOWN BELOW FOR THE ASSUMED VAL- 
UES OF TOLL TERMINAL LOSS. 


NOTES: 

1, THE TOLL TERMINAL LOSS WOULD BE DETERMINED IN EACH CASE ON THE BASIS OF MEETING THE 
TRANSMISSION REQUIREMENTS IN THE MOST ECONOMICAL AND SATISFACTORY MANNER, FOR EX- 
AMPLE ,IN MEETING THE 10 DECIBEL LIMIT FOR OUTLET TERMINAL LOSS. THE VALUES SHOWN 
ABOVE ARE TYPICAL BUT THE ECONOMICAL TOLL TERMINAL LOSS IS EXPECTED TO VARY CONSID- 
ERABLY IN INDIVIDUAL CASES. 

2. PAD VALUES DEPEND ON NOISE AND CROSSTALK CONDITIONS, ON LIMITING TOLL TERMINAL LOS- 
SES AND ALSO,!N THE CASE OF INTERMEDIATE LINKS,ON ECHO MARGIN REQUIREMENTS. 


STANDARDS DECIBELS CODE 
TC TERMINATING TOLL (6) MINIMUM WORKING 
CENTER ECHO NET LOSS (AS- 
PO PRIMARY OUTLET SUMES NO TRANSMIS- 
RC REGIONAL CENTER SIChMr SAMENESS 
9 EFFECTIVE WORKING 
“VV\- SWITCHING PAD NET LOSS -VIA CONDITION 
~— INDICATES TYPICAL 
OUTLET TERMINAL LOSS----10 OLL TERMINAL LOSS [+3] ECHO MARGIN 


Fie. 1. Typical Soria of the General Toll Switching Plan, Showing Limiting Toll Circuit Losses 
(Courtesy Bell System) 


service in the United States and throughout the world, with the development and ex- 
pansion of telephone systems in other countries. 

From Table 1 it will be noted that any two subscriber telephones which have access to 
the nationwide toll network can be connected together, using not more than five toll cir- 
cuit links and four switches. It is assumed that the telephones are located at their re- 
spective toll center (TC) points, i.e., not at tributary points, which would necessitate 
using a tributary trunk to reach the respective TC office. 

The plan provides for eight regional centers (RC), Atlanta, Chicago, Dallas, Denver, 
Los Angeles, New York, San Francisco, and St. Louis, each being strategically located 
within the United States, to serve as toll switching centers of the first order. Each of these 
centers is connected by direct, high-grade toll circuits to each of the other centers. Within 
each RC area are a number of important toll centers known as primary outlets (PO), each 
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being connected by direct, high-grade toll circuits to its own RC, other RCs and other 
POs, as required to best handle the traffic. Finally, each PO serves directly all the toll 
centers (TC) within its area, and the TCs serve the subscribers within their local areas, 
either directly or through their tributary offices. Thus, the plan provides for a con- 
centration of the toll traffic at the various toll centers which have access to or are ac- 
cessible from any part of 
the nationwide system 
(including Bell and Inde- 
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Table 1. Overall Standards 


j 4 Overall Number of | Number of 
browitched wonnectiony, | -qhelGraasng® | tandard,| “Grout | 
decibels Links Switches 
Table 1 shows overall 
standards and number of |pirect. 0.000... cece cece 17-20 | 0 
linksandswitches,; sand™ | TC2ne-TG) 6) ask. 22 2 1 
Table 2 shows assigned |TC-PO-PO-TC............. 21 3 2 
losses for the different toll |TC-PO-RC-TC.............. 21 3 2 
links, under the present |TPC-PO-RC-RC-TC.......... 22 4 3 
_poreral toll ewitdhing -(PC-EO-RC-RC-PO-TC.....:.| | 23 5 4 


plan. 

In general, four-wire 
circuits (a separate path for each direction of transmission) or carrier channels are em- 
ployed for the long-haul, intermediate toll links because of their better performance at 
low losses than that of two-wire circuits. Two-wire circuits are generally used for the 
shorter end links and toll trunks. 


* The letter codes are defined in Fig. 1. 


Table 2. Allowable Toll Link (Circuit) Losses 


Effective Minimum Working Echo 
Toll Link Working Net Loss, decibels Boho 
(for switched traffic) Net Loss, | (assumes no transmission Margin, 
decibels impairments) decibels 
MOzPOl(end link), <.--6.5 44:5 10-(TTL) * 7-(TTL) ny 
PO-PO (intermediate link)...... 1 3 —2 
PO-RC (intermediate link)..... 1 3 —2 
RC-RC epee poe echo i} eet ag —2 
PO terminal pone nyt 10+ 


* This value depends upon the most economical and practicable toll terminal loss for each individual 
toll center which will meet the required primary outlet (PO) terminal loss of 10 db. 

+ This value results from taking one-half of the loss (20 db) for a two-link connection through a 
gain center (PO or RC). 


The PO terminal loss of 10 db is fixed, unless changed under the plan. This loss may be 
allocated to the TC-PO circuit and the toll terminal loss as required. Toll terminal losses 
(TTL) vary from about 0 to 5 db. 

TOLL CIRCUIT OPERATING REQUIREMENTS. The minimum working net loss 
(MWQNL) of a toll circuit is the lowest net loss that may be assigned that will satisfy the 
design objectives imposed by singing, echo, crosstalk, and noise, when subject to maximum 
negative transmission variations. 

The minimum working echo net loss (MWENL) is the lowest 1000-cycle net loss which 
can be assigned so that a circuit will satisfy the echo objectives, including the assigned 
echo margin. If the loss at which a circuit is operated is greater than the loss required 
to offset the echoes arising from the circulating current paths within the circuit, a positive 
echo margin is said to result. If the reverse is the case, a negative margin will be intro- 
duced. In order to operate the plant at lowest over-all losses on built-up or switched 
connections consisting of two or more links, positive echo margins have been assigned to 
some classes of circuits and negative margins have been assigned to others. Switching 
arrangements are so designed that negative margins will be offset in any connection. 

Echoes are the result of imperfect balances in toll circuits equipped with telephone 
repeaters and four-wire terminating sets. The two-wire circuits are necessarily converted 
to four-wire circuits at each repeater, and the four-wire circuits require four-wire terminat- 
ing sets at their terminals to convert the four-wire circuit to two-wire before extending 
it to the toll switchboard. At. certain important switching offices, four-wire switching 
on a mechanical basis may be applied. At the points of conversion, a balancing network 
terminates one branch of the hybrid coil, and the opposite branch of this coil is connected 
to the outgoing or incoming toll circuit or the extension to the switchboard. It is not 
practicable to match the impedance of the toll circuit exactly or the extension with the 
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impedance of the network. Thus, part of the voice currents are transferred across the 
hybrid bridge into the repeater inputs in varying degrees at each repeater or terminating 
set on the circuit instead of dividing equally between the outgoing line and its balancing 
network. These currents which enter the repeater inputs will be amplified and travel 
back to the talker with some delay, so that he hears his own words (in reduced volume) 
coming back to him an instant after he has 
spoken them. The listener may also be af- 
fected. As the delay and return volume in- 
crease, the annoyance becomes greater and 
may reach the point at which the conversation 
is not satisfactory. Figure 2 shows minimum 
working net losses for terminal grade circuits 
as limited by echoes, versus typical lengths of 
toll cable without echo suppressors and with 
anti-sidetone sets. 

To overcome echo difficulties, repeater gains 
must be properly assigned and regulated. Also, 
an echo suppressor has been developed which, 
by voice current action, causes a high loss to 
be introduced in one side of the four-wire cir- 
cuit while speech is being transmitted on the 
other side. A simple schematic of this device 
is shown in Fig. 3. Generally, two-wire cir- 
cuits are relatively short and do not require 

© 100 200 300 400 500 600 700 echo suppression. 
SISTANCE IN MILES The minimum working singing net loss 
Fre. 2.. Minimum Working Net Loss of Ter- (MWSNL) is the lowest net loss assignable to 
minal Grade Circuits as Limited by Echoes, a circuit which will meet singing requirements. 
versus, Typical Toll Cable Ciuit, Lengths As indicated above under “echoes,” the un- 
sidetone Sets (Courtesy Bell System) balances existing in practice at the hybrid coils 
of telephone repeaters and four-wire terminat- 
ing sets cause part of the outgoing energy from one branch of the four-wire circuit to 
pass through the hybrid coil bridge points to the opposite transmitting branch of the 
four-wire circuit. At each hybrid coil this action occurs, so that, whether the circuit 
consists of only a two-wire repeater with terminating lines or a long four-wire circuit with 
several intermediate repeaters and a four-wire terminating set at each end of the circuit, 
a circulating current is established, provided that the net circuit gains exceed the net 
circuit losses in the circulating current 
circuit and the phase change in the cir- = 
culating current is a multiple of 360°. 

It is thus necessary in designing cir- 
cuits, particularly two-wire, to limit 
these circulating currents by assigning 
repeater gains, so that, for an average 
circuit net loss, the most critical two- 
wire repeater for 95 per cent of the 
connections will have losses which total 
at least 10 db more than the gains in 
the two directions of transmission. For 
the short terminal circuits with one or 
two repeaters, an 8-db singing margin 
will usually be satisfactory. 

Figure 4 shows minimum working 
net losses, as limited by singing, versus 
typical toll cable circuit lengths for ae 
specified conditions of repeater spacing : ODD HYBRID TRANSMISSION 
and singing points. cag 

The minimum working crosstalk net i : says e 
(oes (MWENL) ib the lowest nen loss Fie. 3. Bene Sasi Se Circuit (Cour 
assignable to a circuit which will satisfy 
crosstalk requirements under all operating conditions. Crosstalk is the electric and mag- 
netic transfer of speech or similar currents from one telephone message circuit to another. 
It, may or may not be intelligible, but when it is composed of confused noise from several 
sources it is known as babble. 

Crosstalk usually results from cumulative, slight unbalances between circuits or high 


MINIMUM WORKING NET LOSS IN DECIBELS 
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energy level differences acting through close couplings in cable or open wire. The trans- 
ferred energy is amplified wherever telephone repeaters are present. 

Two types of crosstalk, near end and far end, develop between circuits. The first type 
travels to a listener on one circuit in a direction opposite to the transmission from a talker 
on another circuit; the latter type travels to the listener on one circuit in the same direction 
as the transmission from a - 
talker on another circuit. 15 
Near-end crosstalk occurs in 14 
wire but not in properly ar- 413 
ranged carrier circuits (ex- 812 
cept W.E. Co. G-type); far- 
end crosstalk appears in both 
wire and carrier circuits. 

The effect of crosstalk on 
subscriber conversations de- 
pends not only on the actual 

“volume of crosstalk heard 
but also on circuit and room 
noise present, circuit losses, 
and personal reactions. 

Crosstalk is controlled pri- 
marily by avoiding excessive 
energy level differences and 
couplings’ between adjacent 0 100 200 300 400 500 600 700 800 900 1000 
parallel circuits. Techniques Miles 
have been developed to limit Fie. 4, Minimum Working Net Loss as Limited by Singing, versus 
both ievel differences (by Typical Toll Cable Circuit Lengths (Courtesy Bell System) 
proper regulation of repeaters and other amplifiers) and high couplings and to employ 
different frequency bands in controlling crosstalk. 

Figure 5 shows minimum working net losses, as limited by crosstalk, versus typical toll 
cable circuit lengths. 

Crosstalk values have generally been expressed in terms of crosstalk units, which are 
defined as one million (10°) times the ratio of the crosstalk current or voltage at the ob- 
serving point on the disturbed circuit to the current or voltage at the sending point on the 
disturbing circuit (assuming equal impedances at these two points). If the impedances 
are not equal, the square root of the power ratio may be used in place of the current or volt- 
age ratio. With the development of visual indicating apparatus for measuring crosstalk 
and noise, crosstalk measurements have more generally been made in terms of crosstalk 
coupling loss-db, which means the net transmission loss between the sending point on the 
disturbing circuit and the receiving point on the disturbed circuit, it being understood that 

the higher the measuring set reading (loss), 


10 


Minimum Working Net Loss - Deci 


or ND WFO DN WO O 


Paks (Sasa the less the actual coupling. More recently, 
5000 ai a = the term db above reference coupling-dbx has 
Tq SOOO come into use. This term means the cou- 
Ba aes cto le pling in decibels above reference coupling, 
= 2000 7 and reference coupling means the coupling 
Fs H44-25 (4 Wire)? which would be required to give a reading 
5 1000 | of 0 dba on a W.E. Co. 2B noise-measuring 
5 800 Lt = set connected to the disturbed circuit when a 
£ 600 Ie test tone of 90 dba (using the same weighting 
© 500 law i 4 at eas 
400 ell as on the disturbed circuit) is impressed on 
300 |H44-25 (2 Wire) 1 =| the disturbing circuit. 
pe ae The 2B set is designed to measure cross- 
| | “| talk and noise volumes or couplings (as well 
B88-50 and H88-50| as other quantities) in decibel values. These 


100 


0 4 6 8 0 12 14values can be adjusted to a common basis 


1 
Minimum Working Net Loss (Decibels) for different types of lines and telephone 
lea “atpiaet We bay a. a Heo receivers so that a given adjusted value, des- 
y Crosstalk, versus type, oOe ey —reulv ignated dba, will mean the same interfering 
Rese Corey Saye) affect to the ear, regardless of the type of 
line or subscriber set, affected by the crosstalk or noise being measured. 
Figure 6 shows the relation between the terms crosstalk units (cu), crosstalk coupling 
loss, db, and crosstalk coupling, dbx. 
The present design requirements for crosstalk limitations in circuits are taking into 
account the wide reactions of different people to different amounts of crosstalk, the vari- 


17-74 TELEPHONY 


ation in crosstalk volumes due to the variation in speech power of different talkers, the 
action of room and line noise on crosstalk effects, the intelligibility of crosstalk, costs in- 
volved in its control, and attainment of a good balance in judging the importance of the 
various factors entering into circuit design. 

CROSSTALK COUPLING LOSS IN DECIBELS Present practices indicate that it is inadvisable 

loo 90 80 70 60 50 40 +6 permit crosstalk couplings in excess of 30 


ForeoC dbx (equivalent to 60 db crosstalk coupling loss 
6,000 or to 1000 crosstalk units), as measured from 
the transmitting to the receiving switchboard 
4,000 x : Shade 
for a single disturber circuit. 
Noise transmission impairments which may 
2,000 exist in toll circuits due to power line induc- 
tion, noise generated within telephone systems, 
> 1,000 or circuit irregularities must be limited to 
° 800 avoid transmission penalties in circuit opera- 
2 600 tion. Noise reaching the subscriber’s ear 
Zz 7a through his telephone receiver is, in fact, 
& equivalent to adding loss to the circuit. Table 
= 3 shows how these penalties are evaluated in 
a Tele) terms of novwse levels-dba. 
ra) Reference noise (RN) is used as a base in 
5 100 the calculation of circuit noise in terms of dec- 
80 ibel penalties, as given in Table 3. Reference 
60 noise is registered as 0 dba on a 2B noise- 
Le measuring set when the input into this set is 
10-2 watt of 1000-cycle power (line weight- 
ing). RN is equivalent, when measured at 
20 the terminals of a 600-ohm line (with line 
weighting), to 7 noise units; if measured across 
10 the terminals of a W.E. Co. No. 144 receiver, 
-10 ° 10 20 30 40 #50 itis equivalent to 14 noise units. 
CROSSTALK COUPLING , DBX Circuit noise of 29 db above RN (200 noise 


Fic. 6. Chart showing Relation between Cross- units) or less in a 600-ohm line is not con- 
Bobo ta oo Fonte Te TU nS oe ae sidered to offer any appreciable noise impair- 
Coupling, dbx (Courtesy Bell System) ment to a conversation, but for about each 
3-db increase in noise level above 29 db the 

impairment increases 1 db, which must be included in the overall circuit loss. 

Remedial measures have been perfected for controlling most types of noise to avoid 
penalties. 

Distortion transmission impairment (DTI) to conversations results from a restricted or 
modified transmission of the full voice-frequency band necessary for clear, understandable 
speech. Such restriction or modifica- 
tion may be due to a low cutoff fre- 
quency of certain types of loaded line 
facilities and line apparatus. The older 
H172-63 loaded cable facilities and cer- 
tain early types of telephone repeaters, 
carrier systems, and filters give distor- 
tion impairments. The latest types of 
loaded cable facilities, such as H44-25 
and H and B88-50, and the latest-type 
standard repeater and carrier systems 
are considered to offer no appreciable 
distortion for the usual lengths em- 
ployed. Figure 7 and Table 4 show 
distortion impairments for different 


EFFECTIVE CUTOFF FREQUENCY IS 


THAT FREQUENCY AT WHICH THE 
OVERALL NET LOSS OF THE TOLL 
CIRCUIT IS 10 DECIBELS GREATER 
THAN THAT AT 1000 CYCLES. 


IN DECIBELS 
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DISTORTION TRANSMISSION IMPAIRMENT 


facilities with FIA-AST subscriber sets IN KILOCYCLES PER SECOND 
and H88 switching trunks, as used in Fic. 7. Diagram Showing Distortion Transmission 
the Bell System. Impairment for Different Facilities with FIA-AST 


Volume transmission losses in toll Subscriber Set and H-88 Switching Trunk, versus Ef- 
cirouitd will anyone chron ective Cutoff re fol Circuit (Courtesy Bell 


perature and, in addition, for open-wire 

facilities with such conditions as rain, sleet, and snow. These transmission variations 
are different for aerial and underground cable and open wire and also change with fre- 
quency. 


in ae 
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Table 3. Noise Transmission Impairments Corresponding to Noise Magnitudes Measured 
or Computed at Various Points in the Transmission Circuit 


Toll connecting, 
Type of circuit........ Toll circuits tandem and in- Local loops 
teroffice trunks 

Point of measurement or } | Receiving toll Lesa ofh Subset Across receiver 

estimate, sss. cistaati«¢ switchboards RTOS S terminals terminals 
of loop 
B 600 ohms, termi-| 600 ohms, termi- - 
I d. f M FE : u 
ss PR 2 ste nating, 6000ohms/} nating, 6000 ohms a) oe pe apiaes 
BVICG ahs tee selene bridging * bridging * g 
Noise Noise Magnitudes in dba 
Noise Transmission 

Rati iT i t, : cae AA ; was i i 
Ph ae ait Line Weighting Line Weighting sataitine onion 
NO 0 0 -29 0 -26 0 -20 0-17 
Nl | 29. 1-32 26. 1-29 20. 1-23 17. 1-20 
N2 2 32. 1-35 29. 1-32 23. 1-26 20. 1-23 
N3 3 35. 1-38 32. 1-35 26. 1-29 23. 1-26 
N4 4 38. 1-40 35. 1-37 29. 1-31 26. 1-28 
N5 5 40. 1-42 37. 1-39 31. 1-33 28. 1-30 
N6 6 42. 1-43 39. 1-40 33. 1-34 30. 1-31 
N7 7 Over 43 Over 40 Over 34 Over 31 


* When bridging measurements are made on a line, 600-ohm impedance is assumed each way from 
the bridging point. Under these conditions (a) with 144 rec. line weighting, a correction + of +11 db 
is added to 2B set readings and (b) with FIA line weighting, a correction + of about +18 db is added 
to 2B set readings, in order to express readings in dba. If impedances each way from bridging point 
are not 600 ohms, correct 2B set readings as follows: 

Each impedance 300 ohms, correction is +3 db. 

Each impedance 400 ohms, correction is +1.8 db. 

Each impedance 900 ohms, correction is —1.8 db. 

Each impedance 1200 ohms, correction is —3.0 db. 

Each impedance 2000 ohms, correction is —5.2 db. 

+ The corrections thus indicated should be added before entering Table 3. 


Present Bell System practices provide for maintaining toll circuits of minimum to max- 
imum lengths within the following deviations from the specified value: voice-frequency 
(VF) cable, +1.0 to +4.0 db; K-carrier, +2.0 db; VF open wire, +1.0 to +3.0 db; 
open-wire carrier, +2.0 db; and various combinations and lengths of facilities, +1.0 to 
+4.5 db. 

Such limitation is provided for long VF cable circuits by devices known as automatic 
transmission regulators spaced at proper intervals along the circuit to automatically add 
or reduce gain in the circuit as required to maintain the specified volume limits. Figure 
8 shows a pilot wire transmission regulator circuit, with its pilot wire cable pair in the same 
cable as the regulated cable circuits. Long cable circuits have a regulating repeater (in 
place of the regular repeater) about every 150 miles. These repeaters are controlled at 
each point by a master regulator, in accordance with temperature change in the pilot wire, 
which causes the repeater gains to vary above or below normal setting in steps varying 
from 1/4 to 1 db over a range varying from 2.75 to 19 db as required to maintain normal 
level. No system of automatic regulation has seemed necessary for use with open-wire 
voice-frequency facilities. 

Since in cable circuits the attenuation-frequency curve is appreciably different at dif- 
ferent temperatures, it is necessary to correct for this difference, known as twist, for high- 
frequency carrier systems, such as the K-system. The twist effect in a 100-mile aerial 
toll cable is shown in Fig. 9. Twist correcting circuits, as shown in Fig. 10, are located 
in long cable circuits about every 100 miles for aerial and 200 miles for underground cable. 

For open-wire carrier systems, pilot channel regulator equipment is incorporated in 
the carrier terminal and repeater design to maintain transmission levels. 

The effective transmission loss of a toll circuit is equal to the 1000-cycle loss plus any 
noise or distortion transmission tmpairments, all expressed in decibels. 

The overall effective equivalent of a complete toll connection from subscriber to sub- 
scriber is the sum of the effective transmission loss of the toll circuit or circuits and the toll 
terminal losses at the terminating toll centers. 
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Table 4. Distortion Impairments 


Voice Frequency aes Filter Length in Miles for Various Impairments 
Facility | 4.wire| “Note4) |—1 ab] odb | +1db | +2db | +3db | +4db +6 db 
y -W |N ati 0-10 10-40 70-100 
H245-S ea 0 es er ey ea 
155-P zw |N ter | 0-20 | 20-60 
H ae ty) ropes er 0 40-50 
H174-S, H172-S 2-W | No repeater 0-35 35-70 70-100 
2-W B 0-15 15-50 | 50-90 | 90-160 
4-W B 0-300 
4-W A 
H106-P 2-W_ | No repeater 0-60. 60-110 
2-W B 0-25 25-60 | 60-150} 150-220 
4-W B 0-300 
4-W A 
H63-P 2-W | Norepeater | Any 
2-W C 0-75 75-180 | 180-450 
4-W Cc 0-300 | 300-700 
4-W B Over 700 
B or H88-50,S or P|} 2-W | Norepeater | Any 
2-W D 0-150 | 150-450 
2-W C 0-100 | 100-250 | 250-400 |Over 400 
4-W D 0-200 
4-W Cc Any 
H44-25, S or P 2-W |Norepeater | Any 
2-W D 0-150 | 150-450 
2-W C 0-100 | 100-320 |Over 320 
4-W D 0-800 
4-W C 0-1000) Over 
1000 
———) 
N.L. open-wire side| 2-W | No repeater Any 
with 3KC carrier] 2-W 1059B 0-800 |Over 800 
line filters 2-W 0-300 |Over 300 
N.L. open-wire 2-W | Norepeater | Any 
phan. or sides 2-W D Any 
with 5ke or no| 2-W 1059B 0-800 |Over 800 
carrier line filters} 2-W C 0-300 |Over 300 
. Maximum Number of Links for Various Impairments 
Type of Carrier Frequency Circuit 
—Idb| Odb +Idb | +2db | +3db | +4db +9 db 
C2, C3, C4—Manual regulation......... 1 }) 5 
C2, C3—Automatic regulation.......... 1 2 4 Over 4 
C4—Automatic regulation.............. 2 5 
OSIRIS CSE OREM, SRS EI eT Any 
DE eee ee ec Some ken eee ] 2 
BBR eek ag ee a Any 
GUL BS skin Nein Ras Beara tel as yd bodys aot 2 
HI—No repeaters.................000. 1 3 
Dhan em eb aeirstet es RE at erop erences Any 
EONS ARE Bae ATA ANAT IPA Any 
ue a Sh ck eka Fe PEI dee tac whe cea Any 
Notes: 
il; Impairments are referred to a distortionless toll circuit containing a 250-3000 cycle band-pass filter having square 
cutoffs. 


2. Impairments are substantially independent of gage. 
3. Impairments are substantially independent of type of line repeater, provided standard equalization is employed. 
4. Arefers to 13A or 32A filters; B, to 13B, 32B or 128B filters; C, to 13C, 32C or 128C filters; D, to D93985, 32C 


modified per KS-4165 (D160523), or 128A filters. 1059B filter is associated with the high level 22-type repeater 
(104-D tubes). 
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Pilot Wire Transmission Regulator Circuit (Courtesy Bell System) 


The desired overall transmission loss having been apportioned to the various compo- 


nent parts of toll connections, as shown 
toll facilities is thus fixed. The toll ter- 
minal loss as determined for each toll 
center is defined as the average (one-half 
of the sum) of the effective transmitting 
and receiving losses (see article 15) from 
the toll circuit termination to (and in- 
cluding the efficiency of) the subscriber 
station apparatus. With this loss deter- 
mined for a given toll center, the toll 
switching trunks and subscriber loops 
(exchange plant) must be engineered to 
meet this requirement, although ex- 
change plant engineering also is subject 
to exchange standards. 

TOLL CIRCUIT LINE-UP PRO- 
CEDURE consists of adjusting the op- 


under the plan, the pattern for the engineering of 
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Fie. 9. Twist Effect in 100-mile Aerial Cable Circuit 
(Courtesy Bell System) 


erating gains of voice frequency and carrier repeaters, carrier system terminals, and other 
associated apparatus, such as switching pads, equalizers, attenuators, and other devices 
necessary for proper operation of the toll circuits. 
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Fig. 10. Twist Correcting Circuit for Type K Carrier System (Courtesy Bell System) 


From the general toll switching plan (Fig. 1) it is evident that intermediate toll circuits 
cannot be used for terminal traffic with the very low losses assigned without having ex- 
cessive echo, singing, crosstalk, and other troubles. It is thus necessary to provide 
switching loss pads in each of these circuits at each end and in the end link circuits (PO-TC) 
at the primary outlet end, which pads remain in these circuits for terminal traffic and are 
automatically switched out of the circuits for via (through) traffic. The total pad loss 
usually employed is thus equal to the difference between the operating net loss of a given 
circuit in its terminal and via conditions. 

In general, when a circuit meets the design objectives in the via condition and the loss 
of the switching pad or pads satisfies the crosstalk objectives in the terminal condition, 
singing will also be satisfactory; also, echo will be within limits if the pad loss is at least 
equal to the assigned negative echo margin. 

Transmission levels on toll circuits require careful coordination with other adjacent 
or nearby circuits to prevent excessive crosstalk. Also levels should be relatively high 
(within the capabilities of the associated equipment) to provide suitable signal-to-noise 
ratios. Levels of about +3 to +6 db generally are employed at the input to two-wire 
lines, and from +4 to +10 db at the input to four-wire voice-frequency lines. Open-wire 
carrier system units employ about +16 db (input to the line) for Bell-owned systems. 

TOLL LINE SIGNALING usually employs 20-, 135-, or 1000-cycle signaling systems. 
For short non-composited toll facilities, 20-cycle signaling is usual; for the longer toll 
circuits having composite sets 135- or 1000-cycle signaling is required. Since 1000-cycle 
signaling will readily pass along any type of message circuit that will transmit voice fre- 
quencies as such or in modulated form, this type of signaling is general for all long toll 
circuits. For crossbar toll operation, as described in article 3 of this section, pairs of fre- 
quencies in the range of 700 to 1700 cycles are sent out over toll trunks for pulsing the de- 
sired signals. 
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EXCHANGE PLANT STANDARDS are based largely upon giving the telephone-using 
public a convenient, satisfactory service at the least cost consistent with protecting the 
investment and employee interests. 

The establishing of exchanze plant standards involves taking into consideration the 
efficiency of subscriber telephone sets as well as loop, trunk and central-office equipment 
(COE) losses and signaling anges. It is thus necessary to establish a means of rating 
subscriber loops and trunks with respect to a known transmission standard in order that 
the capabilities and costs of the various types of equipment and line facilities that are 
available for use in exchange plant may be compared and it may be judged whether or 
in what respect the equipment facilities meet the assigned standards for a given exchange. 

Overall transmission standards are the upper limits for the overall effective station-to- 
station transmission and form the basis of plant design. In the practical application of 
such standards, allowances are usually deducted for room noise, and sometimes for other 
impairments, from the overall standard so that the resulting design standard may be used 
directly in the design of the exchange plant. 
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The determination of the most desirable transmission standards for a given exchange is 
a matter of engineering and business judgment, based on a comprehensive view of local 
conditions and on past performance. 

On the basis of general usage of the W.E. Co. FIA-AST or equivalent subscriber sets, 
Bell System practices contemplate ultimately overall exchange transmission standards 
of 10 to 14 db for multioffice exchange area traffic, with the possibility of the standards 
being 1 or 2 db higher for tandem operation. In single-office areas the standard is gen- 
erally taken as approximately equal to the loop limit, considering both transmission and 
signaling. 

A working reference system was devised some years ago by the Bell System as a means 
of rating exchange loop and trunk plant. This system, shown in Fig. 11, includes two 
identical common-battery subscriber loops, each connected through a 24-volt battery- 
feed repeating coil, to a variable, distortionless (up to 3000 cycles) 600-ohm impedance 
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Fia. 11. Working Reference System for Specification of Effective Losses (Courtesy Bell System) 


trunk. The length of loops and types of station and central-office apparatus are typical 
of conditions and apparatus existing at the time the system was devised and are still re- 
garded as suitable for reference purposes. 

The working reference system is so designed that it permits comparing effective trans- 
mission losses, which include volume and distortion losses, line and room noise, and side- 
tone effects. The system itself has an actual effective transmission loss or rating of 18 db, 
based on 7.5 db in the transmitting loop, 1.8 db in the receiving loop, and 8.7 db in the 
trunk. The line and room noises included in each loop are respectively 100 noise units 
(NU) and room noise comparable to that in quiet offices or fairly noisy residences. This 
room noise is equivalent to 50 db RAP (reference acoustic power, which is 10716 watt of 
sound power per square centimeter at the listening ear). 

EFFECTIVE TRANSMISSION PERFORMANCE of exchange telephone plant, as 
interpreted in the United States and some other countries, is evaluated by the generally 
accepted method of counting the number of requests to repeat words or sentences, in a 
short interval of time, made by talkers with average volume over the circuit to be eval- 
uated. Other methods of evaluation, such as the ‘immediate appreciation’? method, 
have been studied but have not been adopted in the United States. 

For convenience, each effective loss is considered to have three components—volume, 
distortion, and sidetone losses. The distortion and sidetone losses in the working ref- 
erence system are considered to be zero for reference purposes, and the effective loss of this 
system is thus numerically equal to the volume loss. 

The individual effective losses which make up the effective loss of a complete circuit 
are: 

. Transmitting loop loss. 

. Receiving loop loss. 

. Trunk loss. 

Terminal junction loss. 
Central-office loss. 
Intermediate junction loss. 
Loss due to line noise. 


The effective loss due to room noise is not considered a circuit loss, although it does affect 


conversations. 

Losses 1 and 2 are determined by comparing the effect on conversation of the element 
or complete loop to be rated with the effect of the corresponding element or complete loop 
of the reference system, using the other components of the reference system to complete 
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the talking circuit. Thus, since the effective loss of the transmitting loop of the refer- 
ence system is 7.5 db, any transmitting loop which is substituted for the reference loop and 
which gives the same grade of service (repetition rate) also has an effective loss of 7.5 db. 
However, if the substituted loop gives the same grade of service after an increase of 2 db 
is made in the variable reference trunk loss, then the substituted loop has an effective loss 
2, db lower than the reference loop, or if the reference trunk loss is adjusted to 2 db less than 
normal the substituted loop has an effective loss 2 db higher than the reference loop. 
Receiving loops are rated in the same manner, using the reference receiving loss of 1.8 db. 

A given trunk may be rated by substituting it for the reference trunk and using the 
reference loops in the connection. The adjustment in the reference trunk loss deter- 
mines the rating of the given trunk (called the effective connecting circuit loss) with respect 
to the reference trunk loss of 8.7 db, the fact that the assigned effective loss of the refer- 
ence trunk is equal to its attenuation below 3000 cycles being kept in mind. The ef- 
fective connecting circuit loss thus obtained is not in a useful form but may be made so by 
dividing it into an effective trunk loss and two effective terminal junction losses (one at each 
end), which latter are considered equal for this symmetrical circuit. 

This division between trunk and junction losses is necessary for the practical establish- 
ment of a set of effective trunk loss curves, since for each type of trunk the terminal junc- 
tion losses are different for each different combination of loops, sets, and ¢entral offices at 
the trunk terminals. The effective trunk loss consists of the volume attenuation of the 
trunk and that part of the distortion that is proportional to trunk length, thus permitting 
the establishing, for each type of trunk, of a value of effective trunk loss on a per mile 
basis. Each effective terminal junction loss includes a volume reflection correction plus one- 
half of that part of the distortion loss of the trunk that is not included in the effective trunk 
loss plus a correction for the effect on sidetone of the trunk impedance. The effective 
terminal junction losses can thus be considered as correcting factors which, when added to 
the sum of the other losses, will give the correct effective loss for a complete circuit. 

The assumption that the effective connecting circuit loss (trunk rating) is made up of a 
constant plus a loss proportional to length is a good approximation for complete circuits 
containing a single type of trunk, except for effective trunk losses of about 5 db or less 
and for coil loaded trunks of any effective loss. For the low-loss trunks, accuracy in de- 
termining the trunk loss is not usually important. For loaded trunks, the curve of con- 
necting circuit loss versus length departs from a straight line, because the end sections 
change with a change in the trunk length. However, if the connecting circuit loss is 
plotted only for lengths permitting half-section termination, a smooth curve is obtained 
which closely approximates a straight line above 5-db loss, and this curve may be used 
to determine the trunk loss per mile and the terminal junction loss for this termination. 
Similar curves, approximating straight lines, paralleling the one for half-section termina- 
tion, may be set up for any other desired end section at each end. Such approximate 
straight lines determine the effective terminal junction losses for the respective end sec- 
tions chosen. Thus, the effective connecting circuit loss of a loaded trunk, terminated at 
half-section at one end and at other than half-section at the other end, is considered as 
made up of the effective trunk loss per mile times the total geographical length of the trunk 
in miles (including the end sections) plus the effective terminal junction loss for each end 
section. 

The effective loop losses apply directly only with the 600-ohm reference trunk. The 
effective trunk loss applies satisfactorily for any combination of loop, set, and central 
office, but the effective terminal junction losses obtained with the reference loops do not 
apply for other combinations of loop, set, and central office. The terminal junction losses 
for other combinations of these elements, including other than the reference trunk, may 
be determined as required. 

EFFECTIVE LOOP LOSSES include the loss of three different types of simplified 
central-office circuits, namely, the 24-volt repeating coil circuit used in the working refer- 
ence system, a 48-volt repeating coil circuit typical of standard circuits for toll connections, 
and a 48-volt step-by-step circuit used in local dial offices. 

In practice, actual central-office circuits have equipment and wiring, additional to the 
simplified circuits, the loss of which is dependent upon the actual loop and trunk condi- 
tions. However, a single value of loss for the additional equipment and wiring for each 
type of office and connection is usually sufficient if it is determined under typical limiting 
loop conditions. The effective local offices losses are therefore determined between the 
working reference loops and trunk for the more commonly used central-office connecting 
circuits. 

For trunks composed of different types of facilities, such as 19- and 22-gage cable, 
intermediate junction losses occur at each junction of the dissimilar types of facilities be- 
cause of reflections of energy at these points. Such losses have been determined fey var- 
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ious combinations of facilities used in the Bell System and must be added as part of the 
overall trunk loss. 

Effective losses due to line noise (Table 3 of this section) should be added to the other 
effective losses in a given loop when the electrical noise at the receiver terminals of the 
loop is greater than the reference noise (100 units) assumed in the reference loops. Less 
noise than reference noise in the receiver is considered equivalent to reference noise. 

In addition to the above-mentioned losses, if the room noise for a given loop is more or 
less than the room noise (50 db RAP) assumed for the reference loop, effective room noise 
losses corresponding to the difference between the actual and assumed room noise must 
also be added to the overall given loop loss. Figure 12 shows the effective loss due to 
room noise versus room noise of different intensities for two different sidetone conditions. 
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Fig. 12. Effective Receiving Loss Due to Room Noise, versus Room Noise of Different Intensities 
(Courtesy Bell System) 


The values shown are approximate, since it is difficult to determine the actual losses due 
to room noise because of a number of variable factors, some of an intangible nature. 

The Bell Telephone Laboratories have made field and laboratory investigations com- 
paring the ease of carrying on a telephone conversation over different circuits in actual 
service, and also studying the physical characteristics of circuits and instruments, as well 
as their ability to transmit speech sounds, using syllabic articulation tests under a large 
number of variable conditions encountered in service. From these investigations a 
number of effective transmission loss curves showing effective loop losses in decibel versus 
loop length in thousands of feet have been prepared for the commonly used types of cen- 
tral offices, loop facilities (cable or open wire), and telephone sets, based on the working 
reference system. 

Figure 13 shows separate effective transmitting and receiving loss curves (provisional) 
for both 24-volt exchange grade and 48-volt toll grade battery supply and also the average 
(T + R)/2 curves for both grades of battery supply. These particular curves apply for 
W.E. Co. type 1 or 10 Manual or Panel Dial Offices, non-loaded 22-BSA gage cable loops, 
and the latest-type W.E. Co. Antisidetone (AST) subscriber sets with FIA (handset) or 
635-706A (deskstand) type instruments. These curves are typical of other sets of sub- 
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scriber loop loss curves for different types of central offices, loop facilities, and sets, ex- 
cept that the loss values are different for the different conditions. 

In addition to the non-loaded subscriber loop loss curves, effective loss curves are re- 
quired showing, for different lengths and conditions, the losses of loaded trunks and loops, 
subscriber loop losses having loops composed of two or more different types of facilities, 
current supply losses versus transmitter current and versus loop resistance, transmitting 
and receiving losses due to sidetone, terminal junction losses, and many similar curves 
useful to the engineer. 


70 
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LOOP LENGTH IN THOUSANDS OF FEET 
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EFFECTIVE LOOP LOSS IN DECIBELS 


NO. 1 OR NO.10 MANUAL OR PANEL DIAL OFFICE FIA- AST} susset 
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Fig. 13. Effective Transmission Losses in Common-battery Subloops (Courtesy Bell System) 


SWITCHBOARD OPERATOR EFFECTIVE TRANSMISSION PERFORMANCE is 
also rated by means of the working reference system, except that the reference trunk im- 
pedance is 900 ohms instead of the 600 ohms employed for subscriber loop ratings. In 
making comparisons, the operator circuit is connected to the reference system in place of 
one of the subscriber loops. Since no loop is involved for this connection, single values of 
transmitting and receiving losses are adequate for rating each combination of operator’s 
telephone set circuit and instruments. 

The typical values of line and room noise specified for the operator terminal are 45 db 
RAP for line noise in the listening ear and 65 db RAP for room noise. The reference 
operator receiver (W.E. Co. No. 528) is more efficient than the reference subscriber re- 
ceiver (W.E. Co. No. 144), and the reference room noise for operators is higher than that 
for subscribers. Incoming room noise from the distant operator’s set also adds to the 
overall effective loss in the receiving operator’s circuit. The latest design in operator 
transmitters and receivers provides improvements in operator transmission which will 
permit overall operator to operator standards in the approximate range of 10 to 12 db, 
which is comparable with present local subscriber to subscriber plant design. 


16. PLANT DESIGN—TOLL 


TOLL FACILITIES have been developed, since the earliest open-wire (iron) type, to 
include the following: (1) open wire, (2) cable, (3) carrier, and (4) radio. 

TOLL OPEN-WIRE FACILITIES consist principally of hard-drawn copper, copper 
steel, and high-tensile-strength steel bare wire. 

The three gages of hard-drawn copper line wire employed most commonly in Bell Sys- 
tem plant are 165, 128, and 104 (mil diameter) wire, the electrical characteristics of which 
are shown for various positions and arrangements on the pole line in Fig. 14. For wet 
weather the value of g increases and other factors change. Several other gages of copper 
line wire are in use in this and other countries, such as 102 mil diameter, but the three 
mentioned above are representative of this type of wire usage. Also, a number of basic 
wire gages are in use, so that the mil diameter of a given gage of wire, such as No. 8, may 
be different under the different basic gages. Figures 15, 16, and 17 show, respectively, 
the attenuation frequency characteristics of different gages of hard-drawn copper physi- 
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cal (side in Fig. 15) circuits over the voice, type C, and type J carrier trequency ranges, 
for both wet and dry weather conditions. The wire spacing and types of insulators 
involved are 12-in. and double-petticoat (DP) for Fig. 15, and 8-in. and CS glass for 
Figs. 16 and 17. In the frequency range of 20 to 150 ke, the attenuation factor in- 
creases rapidly with frequency where the wires are covered with snow orice. For example, 


ATTENUATION IN DECIBELS PER MILE 


° OSs" 10 Sore 2.0 3.0 35 40 45 50 
FREQUENCY IN toc cies PER SECOND 


Fia. 15. Attenuation-frequency Characteristics of Open-wire Side Circuits over the Voice Range 
(Courtesy Bell System) 


with about 1/2 in. total diameter of melting glaze on a type J, 8 in., CS insulated, 165- 
gage carrier pair, the attenuation increases approximately from 0.13 db per mile at 20 
ke to 0.9 db per mile at 150 ke. Variations of attenuation with temperature due to re- 
sistance change in open wire are about 1 per cent per 4 !/2 deg fahr change from 68 deg 
fahr. 

In recent years, copper steel wire has been used extensively for telephone circuits, com- 
bining strength with relatively low transmission losses and d-c resistance values. This 
wire is manufactured with 30 and 40 per cent conductivity, which is the conductivity 
ratio (in percentage) of the wire to that of the annealed copper standard of like diameter. 
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Fic. 16. Attenuation-frequency Characteristics of Open-wire Physical Circuits over the Type C 
Carrier Range (Courtesy Bell System) 


A 40 per cent conductivity copper steel wire, which is the more commonly used type, has a 
steel core with a welded copper casing having a radial thickness of 20 per cent of the total 
radius of the wire. 

The tensile strength and attenuation of copper steel pairs are about 2 to 2 1/9 times that 
of hard-drawn copper of the same size. Owing to higher attenuation, telephone repeaters 
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Fie. 17. Attenuation-frequency Characteristics of Open-wire Physical Circuits over the Type J 
Carrier Range (Courtesy Bell System) 


require closer spacing with copper steel than with hard-drawn copper circuits. The char- 
acteristics of copper steel pairs are given in Table 5. 


Table 5. Characteristics of Copper Steel Pairs 
(Estimated for 68 deg Fahr—40 Per Cent Conductivity—53 Pairs CS Insulators per Mile) 


Inductance, Charis Attenuation, Attenuation, 
Size of mh per pair Teeved ate ae se db per mile, db per mile, 
We ° Fre- Resist- mile ES NAIR oy UE dry wet 
oat quency, | ance, |———————_ 
pe ke ohms Pin Spacing Pin Spacing Pin Spacing Pin Spacing 
8in. | I2in. 8 in. 12 in. 8in. | 12in. | 8in. | 12in. 
165 0.2 9.9 | 3.125 | 3.385 | 761 — 7516 793 — 9542 0.057 | 0.054 | 0.063 | 0.060 
1.0 10.3 | 3.060 | 3.320 | 572 — 7143 615 — 7143 0.078 | 0.073 | 0.084 | 0.078 
3.0 10.8 | 3.027 | 3.287 | 558—j 51 597 —j7 51 0.085 | 0.079 | 0.092 | 0.086 
10.0 11.4 | 2.995 | 3.255 | 552—j 16 592 —j 16 0.092 | 0.085 | 0.104 | 0.098 
30.0 12.6 | 2.986 | 3.246 | 551—j 6 591—j 6 0.103 | 0.095 | 0.127 | 0.120 
140.0 24.7. | 2.974 | 3.234 | 550—j7 2.4} 590— 7 2.4] 0.207 | 0.192 | 0.282 | 0.273 
128 0.2 16.6 | 3.285 | 3.545 | 943 — 7736 991 — 7759 0.077 | 0.073 | 0.084 | 0.081 
1.0 17.3 | 3.250 | 3.510 | 635 — 7230 674 — 9232 0.120 | 0.112 | 0.126 | 0.119 
3.0 18.0 | 3.206 | 3.466 | 593 —j 86 634 — 7 86 0.134 | 0.124 | 0.142 | 0.132 
10.0 18.7 | 3.167 | 3.427 | 583 —3j 27 625 —j 27 | 0.142 | 0.131 | 0.155 | 0.145 
30.0 19.7. | 3.148 | 3.408 | 580—j7 9.4] 623—j7 9.4] 0.152 | 0.139 | 0.177 | 0.168 
140.0 30.5 | 3.139 | 3.399 | 580-37 3 622-—j 3 0.241 | 0.224 | 0.321 | 0.310 
104 0.2 25.0 | 3.430 | 3.690 | 1139 — 7958 1189 — 7988 0.096 | 0.091 | 0.105 | 0.101 
1.0 25.7 | 3.410 | 3.670 | 691 — 7324 736 — 7328 0.162 | 0.152 | 0.169 | 0.160 
3.0 26.6 | 3.357 | 3.617 | 621 — 3124 666 — 7124 |. 0.188 | 0.174 | 0.196 | 0.183 
10.0 Qi 3.313 | 3.573 | 606—j7 40 651 —j 40 0.201 | 0.186 | 0.215 | 0.200 
30.0 28.7. | 3.287 | 3.547 | 602 —j 14 647 —7 14 | 0.211 | 0.195 | 0.238 | 0.224 
140.0 37.6 | 3.277 | 3.537 | 602—j7 3.8] 647—j 3.8| 0.284 | 0.264 | 0.367 | 0.353 
Notes: 


1. Resistance (d-c) is 0.1 ohm less than resistance at 0.2 ke for all three gages. 

2. Leakage conductance and capacities of copper steel pairs are comparable to those of same size hard-drawn copper 
pairs (Fig. 14). 

3. For DP insulators the attenuation change from dry to wet weather conditions is about twice that for CS insulators. 

4. The above estimated values will vary somewhat from actual measurements, owing to the effects of transpositions, 
spacing, and other small irregularities, which cannot be calculated. For 12-in. pairs, assume on the average about 
10 per cent lower high-frequency impedance and about 10 per cent higher high-frequency attenuation values. The 
deviations should be less for the closer spaced pairs with point-type transpositions. (Courtesy Bell System.) 
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HIGH-STRENGTH STEEL WIRE has practically replaced the various grades of iron 
(E.B.B. and B.B.) and mild steel wire for telephone purposes because of its greater strength 


and coordination with other wire services. 


The high-strength steel wire now in production 


by several manufacturers is used for only the very short toll circuits in some parts of the 


country, on account of its high attenuation and inherent noise characteristics. I 
cipal usage is in exchange plant. Steel wire is now generally zinc coated (galvanized) 


electrolytically, which insures a more uniform coating than the “‘hot dip’’ process. 


Its prin- 


The 


usual weights of zine coating vary from 0.8 to 2.4 oz per sq ft, depending upon the custom~ 


er’s requirements. 
sign—Exchange. 


The characteristics are given in more detail in article 17, Plant De-~ 


CABLE FACILITIES for toll purposes comprise a number of types of loaded and non- 


loaded cable pairs. 


Toll entrance cables are employed for extending open-wire toll lines 


into toll or toll terminal 


Table 6. Load-coil Spacings offices or stations for dis- 

tances usually limited to a 

Nominal few miles. Toll cables are 

D Code ” Spacing, General Application employed as permanent 

esignation feet heels z is 

ackbone toll plant, inter 

A 700 * | Cables serving open-wire carrier. connecting principal cities 

B 3000 * | Cables serving open-wire carrier, Toll and and important intermedi- 

exchange cables. ate switching and equip- 

©) 929 * | Cables serving open-wire carrier. ment centers. Toll and 

D 4500 * | Exchange cables. toll entrance cables may 

E 5575°* | Toll eniezace pare ‘ Poriaced by H,| be of the aerial or under- 

except when used wit spacing. aa 

F 2787 * rise a oa open-wire carrier (phantom ea ene gee 

H 6000 * | Toll, toll entrance, and exchange cables. tendency is to place them 

af 600 + | Cables serving J open-wire carrier. underground for greater 
aXe 680 * | Equivalent capacity in carrier office cables. | reliability of service. 

x6 2130 * | Equivalent capacity in carrier office cables. Cable facilities, being 


necessarily of small-gage, 
soft-drawn, insulated cop- 
per conductors, in order to 
provide economical sizes 
of conductor complements, have relatively high mutual capacitances, resistances, and 
greatly increased attenuation per mile over the larger-gage, wider-spaced, open-wire con- 
ductors. Figure 18 shows the characteristics of standard types of paper-insulated cable 
telephone circuits at 1000 cycles per second, as used in the Bell System. In column 2 of 
Fig. 18, the abbreviations N.L.S. and N.L.P. refer to non-loaded side and non-loaded 
phantom respectively, while the remaining abbreviations show the load coil spacing by 
letter (H-6000 feet and B-3000 ft), the inductance in millihenries by the figure, and whether 
the circuit is a side or phantom by the letters S and P respectively. For a designation 
such as H-44-25, the first 
and second figures refer to 
the side and phantom coil 


* For side and phantom cable capacitances of 0.062 and 0.102 uf 
per mile, respectively. 
+ For physical pair capacitance of 0.025 uf per mile. 


Table 7. Toll-entrance Cable Loading 


inductances, respectively. Aptis : 
The type of loading at oy eae ee Type of Loading 
‘ ange, ke 
present employed in foll 
cables for four-wire voice 0- 10 | BH-15-15 (B for side, H for phantom) 
frequency message cable 0— 30 C E-4.1-12.8 (C for side, E for phantom and 165 open- 
circuits is usually the 19- wire circuits, 12 in.) 
gage H-44-25 or H-88-50 oO 30 (8; B-4.8-12.8 (C for is one phantom and 128 or 104 
. a open-wire circuits, in. 
one Peer aa cn 0-145] J-0.72 165 open-wire, 8in.) Used with disk-insu- 
f . open-wire, 8 in. lated pairs in 
voice range and higher 0-145 |J-0.85 128 open-wire, 8in.{ shielded, spiral-four 
cutoff frequencies are ob- 0-145 |J-0.94 104 open-wire, 8in.) quadded cable. 
tained with these loadings 0-— 30 X-2.7 Office cable loading. 
(Fig. 18) than are possible oO 10 Y-9 Office cable loading. 


with the older, higher- 
inductance-type loading. Repeaters generally are spaced at 40-50 mile intervals. For 
two-wire voice-frequency message cable circuits, 19-gage H-88-50 or B-88-50 loading is 
usually employed. The variation in attenuation over the voice range is small, the cutoff 
frequency is amply high, and telephone repeater spacings of about 40-50 miles generally 
are used, 

For program transmission (article 18) 16-gage B-22 loaded cable pairs were specially 
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developed to give a high cutoff frequency. These facilities are capable of transmitting a 
frequency band up to about 8000 cycles without serious distortion. 

Figure 19 shows the attenuation frequency characteristics of various types of cable 
circuits loaded for voice frequency and program service. 

Table 6 gives the code designations of load coil spacings as devised for Bell System use. 
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Fra. 19. Attenuation-frequency Characteristics of Various Types of Loaded Cable Circuits (Courtesy 
Bell System) 


The type of loading generally used in toll entrance cables is of the H-31-18 type for voice- 
frequency circuits and of the types shown in Table 7 for carrier circuits. 

Non-loaded cable facilities are employed in both toll entrance and toll cables. Such toll 
entrance facilities may be used without appreciable transmission penalty up to about 
3000 ft in extending open-wire circuits into offices or intermediate toll equipment points. 
For K carrier systems, which are operated through toll cables, only non-loaded pairs may 
be used, since loading is not available for the K frequency range. For J carrier systems a 


specially designed low-capacity, 16-gage, spiral-four loaded or non-loaded cable may be 
used for entrances. 
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Cable facilities used for toll purposes have, in general, been composed of 10-, 13-, 16-, 
and 19-gage cable conductors, paired and quadded for physical and phantom circuit oper- 
ation. Some non-quadded cables for physical circuits only have been used. At present 
19 gage is largely employed, but in a few cases 16 gage may be added. The newer toll 
cables have the short pair twist, high dielectric strength, core to sheath, and nominal 
mutual capacities of 0.062 and 0.096 uf per mile for side and phantom respectively. The 
standard sizes of toll and toll entrance cable cover a wide range of standard numbers of 
quads and pairs, and several different gages may be placed in the same lead cable sheath, 
including pairs for exchange use, as required to meet service needs. 

Toll entrance cables for carrier, non-phantomed, open-wire lines have the long pair 
twist and nominal capacities of 0.062 and 0.102 wf per mile for the side and phantom, 
respectively. 

Variations in net losses in cable facilities due to temperature changes are shown in Fig. 
20. 


Loss at 55 Deg Fahr, decibels per mile 


13- 14- 
22-gage 19-gage 16-gage : ae * 10-gage 
olive nokenets 0.45 0.236 0.157 Sie NR attra 
 aearsuekeerseis .34 RPPAS siroGlonl| exerts wr erenere Whooeeet ek 
0.50 .28 LO Apert) tet eet Hea 
42 323 1,4) ponestls| enchs bsrehs aheee Siete Borer ete 
snpereete sake . 62 32 SE ee sk | ae an ee 
H-44-25-S -92 47 «45) 14 0.08 
H-44-25-P si .39 APA .115 .07 
H-88-50-S . 66 52h) 5 le) SN Deel cn syccorss artes 
H-88-50-P .56 . 30 SOLOS wet erties Secon ts || cee tesa ttctcrs 
H-172-63-S 
a nalesint 49 27, 1Grnbia Seed, seksovteer (inset. doin 
H-172-63-P 
Bcpeaer 51 28 (oobi ele LS 
H-174-106-S . 50 . 28 . 16 al Olea hy lis eee 
H-174-106-P . 40 mee, a3) SOS 4 tee iN cterage d ierees 


* Value marked with * applies to 14-gage. 


-+ Variations from Loss at 55 Deg Fahr, decibels per mile 
Leasing 22-gage 19-gage 16-gage 

Aerial U.G. Aerial U.G. Aerial U.G. 

Cable * | Cables ¢ | Cable * | Cable t | Cable * | Cable t 
DS 25 ee Oe ee Btn oe ane Oe 0.052 0.017 0.028 0.009 
IB-44EN DB leice crane Mee ecen ns « .040 SOUS asl cucveiee rare apeeetnsrratesa 
B-88-50-S 0.060 0.020 .031 O11 .018 .006 
B-88-50-P .050 .017 .026 .009 .015 .005 
EB EN Ee Teeter sect |isechehcrc cmenone .071 .024 .037 012 
H-44-25-S 110 .037 .055 .018 .029 .010 
H-44-25-P .092 031 .046 .015 .024 .008 
H-88-50-S 079 .026 .041 014 .022 .007 
H-88-50-P 067 .022 .035 012 019 . 006 
eager ad 059 .020 031 .o10 | 018 | .006 
H-172-63-P 
ea las 061 020 .032 | ol 018 006 
H-174-106-S .060 .020 032 O11 017 . 006 
H-174-106-P . 048 .016 .025 . 008 013 004 


* Temperature range, +54 deg fahr; resistance variation, +12 per cent 
+ Temperature range, +18 deg fahr; resistance variation, +4 per cent 


Fira. 20, Net Loss Variations with Temperature for Different Gages and Loadings of Cable Circuits 
(Courtesy Bell System) 
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The cables may have a plain lead sheath covering with no outer protection, or, if pro- 
tection is required from gophers, digging, or other extraneous disturbances, the sheath 
may be covered with jute, gopher and jute protection, corrosion protection, or tape armor 
for either aerial or buried construction. Submarine cables have single or double armored 
protection, composed of heavy steel wires laid around the sheath with jute and compound 
in one or two layers. Metallic shields are also used, as required, around the cable core, 
individual groups or quads of cable conductors, to protect circuits from electrical dis- 
turbances. 

CARRIER FACILITIES may be provided in either open wire or cable. For any given 
carrier system between two points, the facilities selected must be suitable for that system. 
Low-frequency carrier systems of the G and H types generally employ 12-in.-spaced, open- 
wire facilities, having voice-frequency characteristics, except that, as the number of these 
systems increase on a given pole line, a carrier transposition scheme may be required to 
limit crosstalk, since the usual voice-frequency schemes are not designed for the higher 
frequencies. The C carrier system generally employs 12- or 8-in.-spaced, open-wire 
facilities, transposed for frequencies up to 30 ke, although the physical pairs or phantom 
groups may be transposed one at a time, according to the selected transposition scheme, 
as required to provide for the carrier systems on the given pole line. The J carrier system, 
being in the high-frequency group, requires 8- or 6-in.-spaced, open-wire facilities specially 
transposed to limit crosstalk at frequencies up to 140 ke. 

With the G, H, and C systems, DP insulators and transposition drop brackets are usu- 
ally satisfactory for wet or dry weather, but for the J system it is necessary to provide 
CS insulators and point-type transpositions, where the pole line will initially or ultimately 
have a full complement of carrier systems. Wire sag must be limited to small deviations 
from normal and all other physical irregularities must be controlled where carrier systems 
are operated. These limitations assume greater importance as the system frequency in- 
creases. 

The K carrier system, operating through cable only, requires suitable conductors. Non- 
loaded pairs of 0.062-uf capacity per mile and of 19 gage, selected as the most economical 
gage, must be properly balanced in the cable mutually and against other facilities and 
segregated (using separate cables or layer shields) for the two directions of transmission. 
Figure 21 shows the attenuation-frequency characteristics of 19-gage non-loaded cable 
circuits over the K carrier range at different temperatures. 
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Fie. 21. Attenuation-frequency Characteristics of Non-loaded 19-gage Cable Circuits over the Type K 
Carrier Range at Different Temperatures (Deg Fahr) (Courtesy Bell System) 


COAXIAL CABLE is required for L carrier system operation, on account of the high- 
frequency range of this system (up to possibly 7 Me or more). This type of cable, first 
installed commercially between Minneapolis, Minn., and Stevens Point, Wis., in 1941, is 
built up of multiples of two coaxial tubes or units, plus ordinary paper-insulated con- 


ductors as needed to take care of requirements for short-haul message circuits and signal- 
ing and alarm trunks. 
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The Stevens Point-Minneapolis cable 
contained four coaxial units, with two 
22-gage pairs in the center, a 19- and 
22-gage pair in each of the four outer 
interstices between the units, and eight- 
een 19-gage quads surrounding this as- 
sembly. Since that installation many 
changes and improvements have been 
made in the design and construction of 
coaxial cable. One of the latest designs 
provides for 8 coaxial units and about 
78 quads of 19-gage copper equivalent, 
built in with and surrounding the units 
to form a full-size lead-sheathed cable. 
The quads may be used for message and 
program service, order wires, alarms, and 
miscellaneous applications, and the co- 
‘axial units for message, television, and 
possibly other services. 

The present coaxial unit consists of a 


LOSS IN DECIBELS PER MILE 


60 80100 200 


17-91 


fe a 

FS A 0 a 

Cc es Ll Zl 
ee sien, oe 


400 600 1000 2000 4000 
FREQUENCY IN KILOCYCLES PER SECOND 


Fie. 22. Attenuation-frequency Characteristics of an 


|0.375-in. Longitudinal Seam Coaxial Cable Circuit 


(Courtesy Bell System) 


single 12-mil copper tape (outer conductor) formed into a tubular conductor, which is, in 
turn, tightly wrapped with two 6-mil steel tapes, the outer of which covers the gaps be- 
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Fic. 23. Impedance Characteristics of an 0.375-in. 


Longitudinal Seam Coaxial Cable Circuit (Courtesy 


Bell System) 


(for the 0.375-in. tube), with 480 circuits provided in each case. 


tween the turns of the inner steel tape. 
Each edge of the copper tape has small 
serrations which engage the opposite 
edge of the copper tape, and the two 
edges thus interlock to form a tube. 
This design is known as “longitudinal 
seam”’ coaxial. A 10-gage (100.4-mil) 
copper wire (inner conductor) is sup- 
ported in the center of this tube by 
polyethylene disks (0.085 in. thick), 
spaced about 1 in. apart. 

The inside diameter of the present 
standard coaxial tube is 0.375 in. (an 
original design employed a 13-gage cen- 
tral conductor and an outer conductor 
having an inside diameter of 0.27-in.). 
Attenuation and impedance character- 
istics are shown in Figs. 22 and 23. The 
new type permits lengthening auxiliary 
repeater spacings from about 5.4 miles 
(for the 0.27-in. tube) to about 7.9 miles 
Also the maximum spac- 


ing between main repeater stations is increased from about 90 to more than 150 miles. 


The larger coaxial will transmit from 1.5 to 2 times as wide 
a frequency band as the smaller coaxial, assuming the same 
repeater spacings, thus permitting the handling of high 
definition or color television if the demand for it arises. 
Figure 24 shows construction of an eight-unit coaxial with 
a complement of wire quads. 

Lightning protection for the complete cable is provided 
by placing a 10-mil, corrugated, copper jacket over the 
lead sheath of the cable, which is first wrapped in thermo- 
plastic material and a layer of tough cloth. The copper 
jacket is then covered with cloth tape. 

Each regular coaxial unit is paired with an identical 
alternate coaxial unit, which is automatically switched 
into service, replacing the regular unit, in case of fault 
occurrence. 

PHANTOM CIRCUIT operation is common in both 
open wire and cable. Two open-wire physical circuits or 
two cable pairs, which are twisted together to form a quad 
(four wires), can be equipped at their terminals to provide 
a third circuit, called a phantom, as shown in Fig. 25. 


Fie. 24. An 


8-unit Coaxial 

Cable Structure with a Com- 

plement of Wire Quads (Cour- 
tesy Bell System) 
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The side-circuit currents circulate over the side circuits as shown by the dashed arrows, 
and the phantom-circuit currents circulate over the phantom circuit as shown by the 
solid arrows. The line sides of the phantom repeating coils are closely balanced with 
respect to the phantom tap so that the phantom-circuit current, dividing about equally 
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Phantom Circuit 
es 


———> 
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<——-— instantaneous direction of side-circuit currents. 
<——— instantaneous direction of phantom-circuit currents. 


Fig. 25. Phantom Circuit Derived from Two Side Circuits 


between the two wires of each pair, causes no appreciable induced current in the side- 
circuit terminations. Also, the side-circuit currents do not enter the phantom. This ar- 
rangement provides three circuits from four wires but requires a well-maintained balance 
in the line sides of the repeating coils and between the four wires, and adequate trans- 
posing, both in the open-wire group and the cable quad, to prevent excessive noise and 
crosstalk. 
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Exchange facilities, employed in connecting subscriber station equipment with central 
offices, for interoffice trunking in multioffiice exchange areas, and for miscellaneous uses, 
may consist of cable or open wire or a combination of both types of facilities. The latest 


Gage Cable........ 26 24 22 19 16 13 
M SA TB 
‘ ST SM = ASA | NA BNB TH 
Type of cable... . | AST BST ASM DSM | NM BSA | ANA AUN |) MNS) CNB ANB no | TI 
CSM CSA DN 

R, ohms per mile at 
68S Ae SCE. 440 | 440 | 274] 274) 274) 171 171 171 171 85 85 42 | 21.4 

C, wf per mile... ... -069 | .079 | .072 | .084 | .065 | .082 | .073 | .062 | .068 | .084 | .066 | .066 | .066 

Load 
Loading | Spacing, Decibels per Mile at 68 Deg Fahr 
feet 

B-175 3,000 | .94] 1.01 63 68:1) ee a ae 25 22 14) 
B-135 S000 RMI OS se lrsl2e |) -xO9m Mes 5) hey aaee ABT FA oth eye LOAN ODA Se BALE ae 
B-88 3 5000s ale SOP S15 S9ul < S/al| eso alee OO | hertom: olite ae lied Peed 4! S230) A18eleeeene 
D-175 EM SN NSU I Nera BVA CCM lose ons “ol eh dad Wcecr ata bs chaarek 28 25 15 ERA 
D-135 A yDO0N e255 HESS ee Gla iern Son | eee 256! || Perec | eee Cee O27 NORRIS en 
D-88 45008 liso 2i4|) 162i /eleO leit 1. OS | eet 2 Ov eeceer= |. eetenealts poets 138/84 1.534) | sevacerelerte cee 
H-250 5 OOO careers eps uel Osc “ocsl Ad ee eect [ys Ss co | neve aI cpa || || ool 26) || AeealiZs 11 
H-175 G5 O00: | Bee taeel SMetotay asl oboe coal EE Nets | Beene ices BA cP cee ine PM a |e 31 S2Ttb ele Sk!) 
H-135 65,000 400) E508 925 100) |e 503.5|(L SOOL|Raktaae hae eee O4n tee 304/ 19.16 lee 
H-88 60003) |e 1a69a1 F180) 101). TAM e230 eens 309 | Berar aes | Chere: S424 38 eier ne liber 
H-44 6) 0005250651 02221 1 1246) 1258) )| sce TRL Seinen oleae ol hore coe BEL yal erat ena Dee 
M-175 CRU al ected acted erie |. dabaliGbcsor| lab aden KOS alee OO!) Gil neepers 133 jag 7: I 
M-135 SD OCOn rG3elals7 onl O98 les Silieliyt 41m] mmes7 5m ee Si eee ee -4l 3301s | wee Ou eyes 
M-88 S5000S eS E2004 shale ah Ne A225 O 2 Oz icd eeerees |e 49 | 1.44) .24] .14 
Re133! |) VV S600 |r| ot ee co eee el ee SLAG rts Ual laches Cas 41 oA 12 

Non- 
loaded alee 2.67 | 2.86 | 2.14 | 2.31 | 2.04 | 1.79) | 1.69 | 1.55 | 1263) | -1.264) 11 675 1650 


Fig. 26. Attenuation Losses of Non-auadded Exchange Area Cable Facilities 


PLANT DESIGN—EXCHANGE 17-93 


developments affecting rural service include (1) trial installations of telephone carrier 
systems on rural power distribution lines, serving areas where telephone facilities are not 
available, and (2) direct radio channels between the central office and farm or ranch homes 
heretofore economically inaccessible for the usual pole line and open-wire construction. 
EXCHANGE CABLES, in general, employ five different gages of soft-drawn copper 
conductors, namely, 26, 24, 22, 19, and 16 gage. A relatively small amount of 28-gage 
cable, devcloped to conserve copper during World War II, has been manufactured, but 
with normal copper prices its use in place of 26-gage, where applicable, does not effect 
appreciable cost savings. Exchange trunk cables are usually of 19 or smaller gage. 


Values Shown Are R G, 
L L mhos Cc G 
Type of Facility Per Unit At Dry ( ) h , (1000 farads = 
= rp f Temp| or © aa CES cycles) | (<10~§) Cc 
ength of | of re} Wet | (de) (X107) 
Non-quadded exchange area cables 
Dorence { ST AST Mile 685 \lheaes 440 |0.001 1.8 0.069 26 
BST A 68) “bares 440 001 el | .079 26 
M SM ASM CSM i 68a hehe. 274 001 1.9 072 26 
24 gage DSM & 685 emery 274 .001 2.2 084 26 
NM “ 685, Pee. 274 001 ae 065 26 
SA ASA BSA CSA “ 688 {NRE Ss: 171 .001 Zt 082 26 
22 gage NA ANA i 681) =| eee 171 001 1.9 073 26 
TA 68a teas. 171 -001 1.6 .062 26 
TS & 681. |heees 171 001 1.7 .068 26 
19 gage { BNB CNB ¢ 68 JME. 85 001 2.2 084 26 
TB ANB DNB i 68m |hieeta: 85 001 {I6Y/ 066 26 
16 gage TH NH G68r teers 42 -001 Usié 066 26 
13 gage TJ f 685 tema 21.4 | .001 z/ 066 26 
Submarine cables—non-quadded 
24 gage Mile S5y erate 266 -001 ihezs 066 26 
Single paper insulation oh “ Piel esanr 166 001 1.9 075 26 
19: ¢¢ ¢ 555 hens 83 -601 2.0 078 26 
24 gage « Bp) oll. Somes 266 001 1.8 071 26 
: . wey $< ¢ 55 lees: 166 001 al 080 26 
Deeb Peper instce | 19 « « 558 lene, 83 | .001 2:2 083 26 
16% DD il costes a4 1 001 tha?/ 066 26 
17-gage U Wire 
U bridle wire Kilofoot | 68 | Wet 10.3 | .00033 * 20255 Clee 
3 Kilofoot | 68 | “ | 10,3] 00027 | 7.6 | { pono 
a distribution wire (buried) | ve : ae : 
mile | 68 54 | .0014 | 40.0 tree on 
Drop wires 
TP type} Kilofoot | 68 | Wet | 51 00021 * <0427R |S et. 
IS gage are « 68 | “ | 51 | .00023 ‘ R636 Ls ee 
BP type e 68 < 28 .00022 5 040:8 Vleet 
17 gage { BR « “ 68 | “ | 28 | .00022 * O40 FO ee. 
14 gage HC type 68 ¥ 5 .00025 * <O41) | ge wees 
Miscellaneous wires and cables 
Inside wiring cable—22 gauge Kilofoot | 68 |...... 37 - 00020 x O25: IA. ter 
CR type 
Service cables—22 gage ie : | : 683), eine 37§ | .o0027§|  * 2020's Ge 
TR “ 
AL wire 14 gage “ 68 | Wet 5 . 00029 = 303378  lleeeen. 
Bridle wire 20 gage & 68 # 21 00028 ‘ SUE Wb oeacn 
Duct wire | 68. | “=| 33° | 00030 | * 0337 Waar - 
DU station wire 22 gage 
GN station wire 22 gage as | 68 33 .00030 || 3 1048) il 0 seem. 


* Leakage conductance at 1000 cycles is negligible as compared with capacitive susceptance. 


+ Initial values after one day soaking in water. 
t Estimated values after 5 to 10 years in ground, depending upon moisture conditions in soil. 


§ These values may be applied to both one and two pair cables. 
|| These values are satisfactory for pairs, triples, or quads. 


¥Fia. 27. Primary Distributed Constants of Cables and Miscellaneous Paired Conductor Facilities 


17-94 TELEPHONY 


as Cable pages Propagation Constant at 68 Deg Fahr Chathotaietielingedance® 
Gage | Code Per Mile Per Kilofoot Pb oe oe leh 

26 ST NL 3072 +7 .3105 | .05818 + 7.05881 718 — j706 = 1007 \ 44.5° 
AST B-175 .1084 +7 .9354 | .02053 + 7.1772 2204 — j251 = 2218\ 6.5° 
B-135 .1207 +3 .8223 | .02286 + 7.1557 1929 — j281 = 1949\ 8.3° 

B-88 .1492 + 9 .6713 | .02826 + 7.1271 1567 — 7344 = 1604\ 12. 4° 

D-175 .1286 +7 .7739 | .02436 + 7.1466 1848 — 7299 = 1872\ 9.2° 

D-135 | .1434 +7 .6824 | .02716 + 7.1292 | 1618 — 7332 = 1652\ 11. 6° 

D-88 .1747 + 7 .5644 | .03309 + 7.1069 1325 — 7403 = 1385\ 16.9° 

H-135 .1615 + 7 .6030 | .03059 + 7.1142 1440 — 7383 = 1490\ 14.9° 

H-88 .1940 +7 .5049 | .03674 + 7.09563 | 1192 — 7453 = 1275\ 20. 8° 

H-44 .2375 + 7 .4062 | .04498 + 7.07693 949 — 7552 = 1098 \ 30.2° 

M-135 .1880 +7 .5153 | .63561 + 7.09759 | 1257 — 7460 = 1338\ 20. 1° 

M-88 .2196 +3 .4424 | .04159 + 7.08379 | 1057 — 7525 = 1180\ 26. 4° 

BST NL 3287 + 7 .3322 | .06225 + 7.06292 672 — 7660 = 942\ 44.5° 
B-175 .1160 + 71.0009 | .02197 + 7.1896 2060 — 7235 = 2073\ 6.5° 

B-135 1292 +7 .8799 | .02447 + 7.1666 1802 — 7263 = 1821\ 8.3° 

B-88 .1596 + 7 .7183 | .03023 + 7.1360 1464 — 7322 = 1499\ 12. 4° 

D-175 . 1376 + 7 .8281 02606 + 7. 1568 1727 — j280 = 1750\ 9.2° 

D-135 . 1534+ 7 .7302 | .02905 + 7.1383 1512 — 7310 = 1544\ 11.6° 

D-88 . 1869 +7 .6039 | .03540 + 7.1144 1238 — 7376 = 1294\ 16.9° 

H-135 .1728 + 9 .6452 | .03273 + 7.1222 1346 — 7358 = 1393\ 14.9° 

H-88 .2076 +7 .5403 | .03932 + 7.1023 1114 — 7423 = 1192\ 20.8° 

H-44 .2541 +7 .4346 | .04813 + 7.08231 887 — 7516 = 1026\ 30. 2° 

M-135 .2012 +7 .5514 | .03811 + 7.1044 1174 — 7430 = 1250\ 20.1° 

M-88 .2350 + 7 .4734 | .04451 + 7.08966 988 — 7490 = 1103\ 26. 4° 

24 M NL 2467 +7 .2513 | .04672 + 7.04759 558 — 7542 = 778\ 44.2° 
SM B-175 .0722 +7 .9504 | .01367 + 7.1800 2155 — 7155 = 2161\ 4.1° 
ASM B-135 .0794 + 7 .8344 | .01504 + 7.1580 1880 — 7171 = 1888\ 5.2° 
CSM B-88 .0998 + 7 .6757 | .01890 + 7.1280 1D15 — 7 216.—" 1530 esac 
D-175 .0849 +7 .7844 | .01608 + 7.1486 1800 — 7186 = 1810\ 5.9° 

D-135 .0941 + 7 .6887 | .01782 + 7.1304 1566 — 7209 = 1580\ 7.6° 

D-88 .1165 + 7 .5613 | .02206 + 7.1063 1264 — 7257 = 1290\ 11.5° 

H-135 . 1063 + 7 .6035 | .02013 + 7.1143 1386 — 7239 = 1407\ 9.8° 

H-88 . 1309 + 7 .4945 . 02479 + 7.09366 | 1123 — 7292 = 1160\ 14. 6° 

H-44 - 1682 +7 .3763 | .03185 + 7.07127 844 — 7372 = 922\ 23.8° 

M-135 -1254 + 7 .5066 | .02375 + 7.09595 | 1187 — 7294 = 1223\ 13.9° 

M-88 -1513 +7 .4212 | .02866 + 7.07977 | 968 — 7345 = 1028\ 19. 6° 

DSM NL .2664 +7 .2715 | .05045 + 7.05142 517 — 7503 = 721\ 44.2° 
B-175 .0780 + 71.0266 | .01477 + 7.1944 1996 — 7143 = 2001\ 4.1° 

B-135 -0858 + 7 .9013 | .01625 + 7.1707 1741 — 7158 = 1748\ 5.2° 

B-88 -1078 + 3 .7298 .02042 + 7.1382 1402 — 7200 = 1416\ 8.1° 
D-175 .0917 +7 .8473 | .01737 + 7.1605 1667 — 7172 = 1676\ 5.99 

D-135 -1016 +37 .7439 | .01924 + 7.1409 1450 — 7193 = 1463\ 7.6° 

D-88 .1258 +7 .6063 | .02383 + 7.1148 1170 — 7238 = 1194\ 11.5° 

H-135 -1148 + 7 .6519 | .02174 + 7.1235 1284 — 7222 = 1303\ 9.8° 

H-88 -1414+ 9 .5341 .02678 + 7.1012 1039 — 7271 = 1074\ 14. 6° 

H-44 1817 + 9 .4065 .03441 + 7.07699 781 — 7345 = 854\23.8° 

M-135 -1354+ 7 .5472 | .02564 + 7.1036 1099 — 7272 = 1132\13.9° 

M-88 - 1634 + 7 .4550 | .03095 + 7.08617 897 — 7319 = 952\19.6° 

NM NL -2342 + 7 .2388 | .04436 + 7.04522 588 — 7572 = 820\44.2° 


* Mid-section iterative impedance in cases of loaded facilities. 
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Cable Propagation Constant at 68 Deg Fahr i 
oedine Characteristic Impedance * 
Gage Code Per Mile Per Kilofoot at 68 Deg Fahr 

22 SA NL .2065 +7 .2134 | .03911 + 7.04042 | 416 — 7399 = 576\ 43.8° 

ASA B-175 0503 + 71.0155 | .00953 + 7.1923 2025 — j 92 = 2027\ 2.6° 

BSA B-135 0549 +7 .8900 | .01040 + 7.1686 1762 — 7102 = 1765\ 3.39 

CSA B-88 0689 + 9 .7177 | .01305 + 7.1359 1414 — 7130 = 1420\ 5.3° 

D-175 0583 + 7 .8365 | .01104 + 7.1584 1694 — 7113 = 1698\ 3.8° 

D-135 .0647 +7 .7325 | .01225 + 7.1387 1465 — 7125 = 1470\ 4.9° 

D-88 0808 +7 .5922 | .01530 + 7.1122 1170 — 7156 = 1180\ 7.6° 

H-135 0729 + 7 .6402 | .01381 + 7.1213 1298 — 7144 = 1306\ 6.3° 

H-88 -0907 + 7 .5185 | .01718 + 7.09820 | 1036 — 7177 = 1051\ 9.7° 

H-44 1199 + 9 .3796 | .02271 + 7.07189 | 748 — 3233 = 783\ 17.3° 

M-135 0863 +7 .5333 | .01634 + 7.1010 1109 — 7178 = 1123\ 9.1° 

M-88 .1060 +7 .4341 | .02008 + 7.08222 | 879 — 7214 = 905\ 13.7° 

NA NL .1946 +7 .2012 | .03686 + 7.03811 442 — 7424 = 612\ 43.8° 
ANA 

TA NL 1792 +7 .1853 | .03394 + 7.03509 | 479 — 7460 = 664 \ 43.8° 

TS NL .1882 + 7 .1945 | .03564 + 7.03684 | 457 — 7438 = 633\ 43.8° 

19 BNB NL 1446 + 7 .1551 | .02739 + 7.02938 | 295 — 7273 = 402\ 42.8° 

CNB B-135 .0304 +7 .900 00576 + 7.1705 1741 — 7 52 = 1742\ T.7° 

B-88 .0386 +9 .725 .00731 + 7.1373 1393 — j 69 = 1395\ 2.8° 

D-175 0321 + 7 .8457 | .00608 + 7.1602 1676 — j 58 = 1677\ 2.0° 

D-135 0349 +3 .740 .00661 + 7.1402 1448 — j 63 = 1449\ 2.5° 

D-88 .0439 + 9 .5957 | .00831 + 7.1128 1155 — 7 81 = 1158\ 4.0° 

H-135 0388 + 7 .6455 | .00735 + 7.1223 1281 — 7 74 = 1283\ 3.3° 

H-88 .0487 +7 .5194 | .00922 + 7.09837 | 1013 —7 92 = 1017\ 5.2° 

H-44 0645 + 7 .3701 | .01222 + 7.07009 | 713 —7122 = 723\ 9.7° 

M-88 .0568 +7 .4302 | .01076 + 7.08148 | 854—j111 = 861\ 7.4° 

TB NL .1282 + 7 .1375 | .02428 + 7.02604 | 333 — 7308 = 453\ 42.8° 

ANB B-175 -0254+ 37 .908 .00481 + 7.1720 | 2237 —7 54 = 2238\ 1.4° 

DNB B-135 .0270 + 7 .795 00511 + 7.1506 1951 — 7 61 = 1952\ 1.8° 

B-88 0342 + 7 .641 .00648 + 7.1214 1563 — 7 76 = 1565\ 2.8° 

D-175 .0282 +7 .7461 | .00534 + 7.1413 1862 — 7 65 = 1863\ 2.0° 

D-135 0310 + 7 .653 .00587 + 7.1237 1618 —7 71 = 1620\ 2.5° 

D-88 0390 + 7 .5269 | .00739 + 7.09979 | 1292 —7 91 = 1295\ 4.0° 

H-175 .0315 + 7 .6507 | .00597 + 7.1232 1643 —7 75 = 1645\ 2.6° 

H-135 0345 + 3 .5694 | .00653 + 7.1078 1423 — 7 82 = 1425\ 3.3° 

H-88 .0432 +7 .4590 | .00818 + 7.08693 | 1132 — 7103 = 1137\ 5.2° 

H-44 .0571 + 3 .3282 | .01081 + 7.06216 | 799 — 7138 = 811\ 9.8° 

M-88 0505 + 7 .3796 | .00956 + 7.07189 | 948 —7123 = 956\ 7.4° 

16 TH NL .0868 +7 .1004 | .01644+ 7.01902 | 243 — 7208 = 320\ 40.6° 

NN B-175 -0156+ 7 .908 .00295 + 7.1720 | 2238 — 7 30 = 2238\ 0.8° 

B-135 | .0158+ 4 .795 .00299 + 7.1506 1951 —j 31 = 1951\ 0.9° 

B-88 .0203 + 7 .641 . 00384 + 7.1214 1564 —j 44 = 1565\ 1.6° 

D-175 0168 + 7 .765 .00318 + 7.1449 -| 1824 —7 64 = 1825\ 2.0° 

H-175 0178 + 3 .6503 | .00337 + 7.1232 1648 — 7 41 = 1649\ 1.4° 

H-135 .0188 + 3 .5687 | .00356 + 7.1077 1419 — 7 42 = 1420\ 1.7° 

H-88 .0238 + 7 .4577 | .00451 + 7.08669 | 1129 —7 55 = 1130\ 2.8° 

H-44 .0307 + 7 .3249 | .00581 + 7.06153 | 791—j7 72 = 794\ 5.2° 

M-88 .0271 + 7 .3773 | .00513 + 7.07146 | 934— 7 75 = 937\ 4.6° 


* Mid-section iterative impedance in case of loaded facilities. 


Fig. 29. Secondary Constants of Exchange Area Cable Facilities at 1000 Cycles per Second—22, 19, 


and 16 Gage 
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Exchange cables are usually of the non-quadded, paper- or pulp-insulated types, having 
attenuation: losses at 1000 cycles, as shown in Fig. 26. These cables are not generally 
loaded for subscriber loop use, but are frequently loaded when employed for interoffice 
trunks, particularly in the larger exchange areas. The primary distributed constants of 
exchange area cable facilities and of miscellaneous paired conductors for exchange use are 
shown in Fig. 27. The resistances, inductances and capacitances are in d-c values, but 
for practical purposes, may be considered equivalent to the 1000-cycle values. The 
leakage conductances are specifically 1000-cycle values. The secondary constants of 
of exchange area cable facilities at 1000 
cycles, are shown in Figs. 28 and 29. 

OPEN-WIRE FACILITIES for exchange 
use are principally of iron or high-tensile- 
strength steel, the steel being used almost 
exclusively in recent years, owing principally 
to economy and better service performance. 
New types of steel have been developed for 
telephone wire as the result of extensive 
studies of the materials used, and by means 
of heat and other treatments applied during 
manufacture. Some buried wire (such as 
W.E. Co. U or UA types, loaded or non- 
loaded) is used in rural areas for short dis- 
tances, the characteristics of which are given 
in Fig. 27. 

; The a-c resistance of BB grade iron wire 

500 750. 1000 1250 1500 1750 2000 and of Crapo HTL-85 and HTL-135 high- 

FREQUENCY IN CYCLES PER SECOND tensile telephone line wire, over a frequency 
ee a Corsparieea ne ig sere ron ay range of 500 to 2000 cycles, using current of 
Sends ton Mars and Tee Types of digh Tensile’ telephonic magnitude, is shown in Fig. 30. 

1945 by Indiana Steel and Wire Co.) The smaller variation in a-c resistance of the 
Crapo wire (manufactured by Indiana Steel 
and Wire Co.), as compared to the BB wire, tends to reduce modulation effects on voice 
currents traveling over the wire, and thus to improve the quality of the transmitted 
speech. Figure 31 shows comparative breaking strengths between the above three wires, 
as presented by Indiana Steel and Wire Co. Figure 32 shows the characteristics at 68 
deg fahr of 109 (No. 12 BWG) high-strength steel and 134 (No. 10 BWG) steel wire with 
0.8-0z zine coating, 12-in. spacing, and DP insulators. 

Copper steel wire (104 mil diameter), the characteristics of which are shown in Table 
5, has roughly one-half the attenuation per mile at 1000 cycles of 109 high-strength steel 
wire (Fig. 32). Thus, this wire may be used advantageously in place of high-strength 
steel wire where the lower loss is required to meet exchange transmission standards. Cop- 
per steel wire (0.081 mil diameter and 40 per cent conductivity) having per pair mile an 
attenuation loss of 0.22 db (wet) and resist- 
ance of 42.8 ohms at 68 deg fahr may also 
be used where applicable. 

Buried wire (paired, insulated, such as 
W.E. Co. U or UA type) is sometimes used, 
loaded or non-loaded, in place of or as an ex- 
tension of open-wire rural plant, depending 
on economies. "9 200 400 600 800 1000 1200 

CARRIER CHANNELS superimposed on BRS ING TNS Nero. a> 
rural power lines are now under trial opera- Fic. 31. Comparative Breaking Strength of BB 
tion to determine the practicability and re- Tale ghone BAe Wie shen Lt eC EUo 
quirements for thus serving rural subscribers by Indiana Steel and Wire Co.) 
in locations not at present served by tele- 
phone lines. The equipment, developed by the Bell System and designated as the M-1 
carrier telephone system, is being made in quantities by the Western Electric Co., the 
privilege of producing it being extended to other manufacturers. 

The first two systems, installed in 1945 for trial at Jonesboro, Ark., and Selma, Ala., 
provide rural service to four subscribers over an 11l-mile section of 7200-volt, multi- 
grounded neutral, single-phase power line out of Jonesboro, and to four subscribers over 
‘ ee section of 6900-volt, multigrounded neutral, single-phase power line out of 

elma, 

The principal elements of the rural power line carrier system, as now developed, are 
shown in Fig. 33. Single channel operation is employed, using for the trials frequencies 


AC RESISTANCE IN OHMS PER 1000 FEET 
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0.8-0z. Zinc Coating, 12-in. Spacing, 68 Deg Fahr 
DP Insulators 
109 Side Circuits 
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Att tion, | Ph: Shift, And 2 
Fre- Wea sore a Characteristic Impedance 
quency, 
ke Dry | Wet | Dry | Wet Dry Wet 
0”..3 . 181 .207 | .028 | .026 | 1754 — 71314 = 2192\ 36. 83° | 1818 — 71122 = 2136\ 31. 68° 
1.0 -289 | .313 | .067 | .068 | 1279 — 7 629 = 1425\ 26. 18° | 1274 — 7 578 = 1399\ 24. 40° 
2.0 240714360) Pali2) 095 | 1142 —7 443 = 1225\ 21.20° | 1130 —7 413 = 1203\ 20.08° 
3.0 -528 | .560 | .167 | .169 | 1054 — 7 383 = 1121\ 19.97° | 1042 — 7 360 = 1102\ 19.07° 
4.0 .623 | .660 | .212 | .215 | 1004 — 7 339 = 1060\ 18.65° 991 — j 320 = 1041\ 17.90° 
109 Phantoms (of Non-pole Pairs) 
0.3 S166: |! 21951) "3026' |)" 1025 969 — j 713 = 1203 \ 36.35° | 1006 — 7 588 = 1165 \ 30. 30° 
1.0 .259 | .286 | .064 | .065 721 — j 334 = 795\ 24.85° 717.— 3 300 = 777\22.70° 
2.0 2000) 1 S90 lila. tlo 642 — 7 237 = 684\ 20.27° 635 — 7 215 = 670\ 18.70° 
3.0 -466 | .502 | .160 | .162 598 — 7 200 = 631\ 18.50° 589 —7 185 = 617\ 17. 43° 
4.0 -548 | .588 | .204 | .207 572 —j 176 = 598\17.10° 563 — 7 164 = 586\ 16. 23° 
134 Side Circutts 
0.3 .136 | .159 | .026 | .025 | 1563 — 7 945 = 1826\ 31. 17° 1599 —j 788 = 1783 \ 26.23° 
1 .250 | .273 | .069 | .070 | 1252 — 7 520 = 1356\ 22.55° | 1245 — 7 473 = 1332\ 20. 80° 
2.0 .389 | .416] .120 | .121 | 1084 — 7 404 = 1157\ 20. 43° | 1073 — 7 377 = 1137\ 19.36° 
3.0 -502 | .533 | .167 | .168 | 1004 — 7 348 = 1063\ 19.12° | 992 —j7 328 = 1045\ 18. 30° 
4.0 99 | O32h ip 209) a2 2 945 —7 311 = 995\18.22° | 933 —7 294 = 978\ 17. 48° 
134 Phantom Circuits (of Non-pole Pairs) 
0.3 a t2S h. 14937024) | £023) 883 — 7 524 = 1027\ 30.68° | 902 —J7 415 = 993\ 24.70° 
1.0 .220 | .246 | .064 | .064 711 —jg 281 = 765\ 21.57° 706 — j 249 = 749\ 19. 43° 
210 noha Cr o7 PS PTZ he 625 —j 219 = 662\ 19.32°| 617 -—7 199 = 648\ 17.88° 
3.0 3436. | 75470} . 156)| . 158 579 —j 185 = 608\17.72°| 570 —3 172 = 595\ 16.79° 
4.0 | .516| .554| .197] .200 | 548—j7 165 = 572\16.75°| 539 —j 153 = 560\15.85° 
Fig. 32. Characteristics of 109 (No. 12 BWG) High-strength Steel and 134 (No. 10 BWG) Steel Wire 
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Fic. 33. Principal Elements of Rural Power Line Carrier Telephone System (Courtesy Bell System) 
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of 165 ke central office calling subscriber and subscriber receiving, 195 ke subscriber call- 
ing central office and subscriber talking out through central office, and 185 ke one sub- 
scriber calling another subscriber on the same line but through the central-office carrier 
terminal equipment. The M-1 system is designed, however, for double sideband carrier 
transmitted amplitude modulation, with as many as six channels, each serving eight sub- 
scribers and each using three frequencies. These frequencies are different within each 
channel and for each channel, being selected for transmission from the common terminal 
to the stations within the range 155 to 230 ke and for transmission from the stations to 
the common terminal within the range 290 to 450 ke. ‘ : 

Figures 34 and 35 show block diagrams of the common carrier terminal at the central- 
office end of the system and of the subscriber carrier terminal (station set), respectively, 
of the types used in the trial tests. 
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Fia. 34. Block Diagram of Common Carrier Terminal at the Central-office End of a Rural Power Line 
Carrier Telephone System (Courtesy Bell System) 
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The carrier terminals are connected to the power line through a 0.002-uf capacitor 
(8700-volt rating for the trials), and a line coupling unit. This unit has a drainage in- 
ductance coil, filter, and protector. All branches of the power network not used for car- 
rier transmission have inserted in the primary phase conductor an isolating choke for the 
rain power circuit and a tap choke for branches from the main circuit. Transmission 
chokes are used in branches from the main power circuit, where the branch is being used 
for carrier, in order to reduce the bridging loss of the branch to through transmission over 
the main line. The common carrier terminal is designed to terminate the power line in 
about 500 ohms impedance for the carrier frequencies used, as are the coupling capacitors 
and line coupling units at subscriber stations or at the end of a power line tap where no 
subscriber station exists. 

Each carrier terminal requires continuous 110-120 volt, 60-cycle a-c power supply, and 
the unmodulated carrier power delivered to the line coupling unit from each terminal is 
about 1 watt. The subscriber terminal requires about 8 watts of standby and 30 watts 
of operating power. 

The common carrier terminal connects to the manual switchboard or dial unit over a 
regular two-wire voice frequency circuit. Divided code ringing is provided using inter- 
rupted carrier current in proper time sequence, or bridged code ringing can be used if 
required. 
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Where the power circuit is not of the single-phase, multigrounded neutral type or it is 
desired to operate more than one system on the same power line but in different sections, 
special consideration of the factors involved will be required. 

Preliminary data indicate that the average transmission loss between the common ter- 
minal and the most distant station at the operating carrier frequencies of the M-1 system, 
including subscriber coupling unit bridging and transmission choke losses, will be about 
2.0 to 2.5 db per mile. The overall loss between the common terminal and any station 
should not exceed 35 to 40 db (15 to 18 miles of line). Under low atmospheric static con- 
ditions, the carrier system can be adjusted to provide about the same effective transmission 
(T + R)/2 from any station to the central office as would be provided from a regular 
voice-frequency station having the latest-type antisidetone, local battery talking set 
(W.E. Co. FIA-AST-LBT-2 cells). 

The M-1 carrier system may also be adapted to telephone wire lines, where additional 
telephone circuits may thus be provided more economically than by other methods. This 
usage requires further study. 
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Fig. 35. Block Diagram of Subscriber Station Set of a Rural Power Line Carrier Telephone System 
(Courtesy Bell System) 
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In operation, the system responds as though the connecting circuit between the central 
office and subscriber were the usual wire line. On revertive calls (one subscriber calling 
another on the same circuit or channel), the calling subscriber places the call to the called 
subscriber in the usual manner (through the operator or equipment) and then puts his 
handset on the cradle. When the ringing signal, which the calling subscriber hears, is 
stopped, indicating that the called subscriber has answered, the calling subscriber removes 
his handset from the cradle and talks. The conversation is carried on through the com- 
mon terminal, and operator supervision is provided if the office is of the manual type. 

Radio channels for rural telephone service are under trial test, as discussed in article 8 
of this section. It is expected that suitable equipment will be developed, based on these 
tests, which will permit utilizing radio channels for this service on a commercial basis. 

SUBSCRIBER LOOP DESIGN. The design procedure and considerations in engineer- 
ing subscriber loop plant are briefly summarized (for a single cable route) as follows: 

(a) Determine the most economical gage requirements for the ultimate area to be served 
by the various complements of cable, considering both transmission and signaling design 
limits, using the effective subscriber loop loss curves, if available. 

(b) Examine the possibilities of obtaining further cable economies by reducing bridged 
tap or distribution cable losses which were assumed in determining the design limits. 

(c) Examine the possibilities of utilizing any existing plant with the new plant being 
designed, without exceeding the design limits. 

(d) If the loop loss or signaling limits are exceeded in existing plant, determine the 
most economical plan of meeting the limits, such as using special sets, reducing bridged 
cable losses, loading the longer cable pairs, or choosing larger-gage cable or long line 
circuits. 
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(e) If some margin of loop loss and loop resistance results from the use of existing plant 
in connection with the plant being designed, study the advisability of smaller-gage pairs 
than indicated under (a) above, taking into consideration the permanence of the existing 
facilities and the relation of the proposed plant to the ultimate plan. 

(f) Combinations of gages are frequently practicable, particularly since the trend is 
toward the finer-gage cable adjacent to the central office. 

(g) Composite (more than one gage) cables are installed extensively, the larger gages 
serving the outlying areas. 

(h) Loading on long loops is sometimes employed to meet loop loss limits. H-44 or 
H-88 loading on 19-, 22-, or 24-gage cable results in substantial loss reductions over non- 
loaded loops, which might permit smaller-gage conductors for long loops. Bridged taps 
on loaded pairs must be limited to avoid serious impairments. 
| (4) Signaling limits may economically be extended, in some cases by modifications or 
readjustments of central-office equipment, larger-gage conductors or long line units for 
the longer loops, or oceasionally the use of two pairs in parallel may be justified to reduce 
loop resistance. 

(j) Loop and trunk plant design is based on the most efficient types of subscriber sets 
available or, in some cases, anticipated within a relatively short period of time. 

(k) Special exchange lines, such as private or PBX tie and foreign exchange lines, con- 
ference and bridging arrangements, and one-way speech networks, require special design 
work to meet their particular needs. 

The zoning of subscriber sets is a procedure that provides for the introduction of station 
apparatus in such a way as to obtain the desired grade of transmission at the lowest prac- 
ticable overall cost. Owing to the different efficiencies of the various types of station ap- 
paratus in service and under continuous development, it is necessary to insure that this 
apparatus will be installed as required, so that (1) the cost of the outside plant will be the 
minimum, (2) transmission will be satisfactory for the outside plant design, and (3) station 
apparatus costs will be minimized by obtaining a reasonable service life for the older ap- 
paratus, avoiding as far as possible premature replacements of existing apparatus and 
providing an orderly program for the introduction of new station apparatus. Thus, ex- 
change areas, as required, are divided into zones within which only certain types of station 
apparatus may be used. 

TRUNK PLANT DESIGN is based on the transmission loss limit assigned to each group 
of trunks, as determined from the loop and trunk study. The design limit is obtained by 
deducting from the overall permissible trunk loss (1) terminal junction losses, due to char- 
acteristics of the proposed trunks, which differ from the reference trunk; (2) intermediate 
junction losses, due to a trunk being composed of different types of facilities; (3) losses 
due to loading irregularities; and (4) equipment and office losses at intermediate points 
between the trunk terminals. Data have been prepared for the Bell System showing 
both terminal and intermediate junction losses under the usual conditions encountered 
in practice. In some cases, under certain conditions, these losses are actually negative 
(transmission gains). 

The design limits for the trunks, having been determined for the various conditions 
under which the given group of trunks will operate, represent the permissible effective 
trunk losses. The type of trunk is then selected which meets the design limits and has 
least outside plant costs, taking into consideration existing trunk plant, future trunk fa- 
cility needs over the route involved, and any other factors that may have a bearing on the 
selection of the type of trunk. Figure 36 shows effective losses for non-quadded exchange 
area cable trunks. 

The signaling limits for trunks are based on signaling, pulsing, and supervision require- 
ments, which vary materially for different types of offices and associated terminal equip- 
ment. These limits, as well as leakage requirements, are usually indicated on the stand- 
ard drawings for each type of central-office circuit, which may be different for the two ends 
of the given trunk. The lower value, if there is a difference, will be controlling in deter- 
mining the signaling limit. 

Overall trunk resistance for signaling purposes is usually computed from unit values 
for temperatures of 68 deg fahr. For underground trunk plant the resistance change with 
temperature will be about 3 per cent maximum, which may usually be disregarded. For 
aerial cable, the change may be as much as 10 to 12 per cent, and this variation of resist- 
ance with temperature change should be considered in the signaling design limits. 

With the larger-gage trunk facilities generally used in the past, the transmission design 
limit usually controlled the selection of the type of trunk facilities, but with the higher 
permissible interlocal trunk losses in recent years (resulting from allocation to trunks of 
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part of the new instrument gains) and the trend toward higher supervision limits with 
current types of dial equipment, the field of use of the finer-gage cables has been extended, 
so that signaling limits may be controlling in some cases. 
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Note: The resultant trunk loss should not be used closer than to nearest 0.1 db. 


Fic. 36. Effective Trunk Losses—Exchange Area Cable Trunks 
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18. PROGRAM SERVICE 


In general, program service, as furnished by the telephone companies, consists mainly 
of providing suitable wire or carrier facilities to the broadcasting companies for the trans- 
mission of program material, which usually originates in broadcasting studios or other 
locations and which is broadcast from radio transmitters to the public. 

Programs, being of a varied nature, from the finest orchestral music to ordinary speech, 
require different grades of telephone facilities to meet the broadcaster’s requirements. For 
this reason the telephone companies have developed and have made available for broad- 
casting purposes several rather broad classifications of facilities, as shown in Table 1. 

SERVICE REQUIREMENTS, being more exacting for high-quality than the lower- 
quality program circuits, involve the control of (1) transmission levels and losses, (2) 
frequency, delay, and phase distortion, and (3) noise and crosstalk. See Section 12 for 
critical cutoff points in the frequency ranges of various musical instruments and speech. 

Transmission levels and losses in open wire and cable are maintained as specified, by 
special program amplifiers, the latest types having a flat gain characteristic with a max- 
imum gain of about 30 to 40 db and outputs of about 10 to 20 db above reference volume, 


TELEPHONY 


17-102 


(mia4shg [Jog Aseq1n0D) yMoMD uwIeIZ0Ig o1LM-uedGO PUeq-OplM B IO} WIBIBZeIG [OAOT pus ynodeyT yeordAT *{T “p17 


SNOILVLS 
SNISGING-NON LV 
Q3LLINO 31d /LINW 
ONV Y3ISINdWV SIHL © Y3INIS SSv¥d-MO7 AYVITIXNY [v] JIdILINW ONISGINS 
YOLVAN3L IY OaxiId AA/\- YSIS SSVd-HSIH 
YOLVNNA LLY JIGVIYWA “yr y3aIs SSVd-MO7 yBIsIIdWY Wve90ud [¥a] 


*SIOGWAS OL A3BY 


YOLVSIGNI SWMI0A (1A) 


MOD ONiLW3d3y 


(318visnrav) 
uovyads anor~<] YBZMVNDS ADNINDSYS-HOIH IH] 
(a1evisnrav) 
TISIOUAUEIAT SIXTIES SNS [| ¥3ZITVND3 AONaNDSuS- mor |! 
WHOML3N ONILOLSIOSY¥d [4] 83ZIMVvND3 _31GV2 A30VOI-NON [3] 


O3YIND3Y 
sv 
S3HONVYS 
YBHLO OL 


NOILVLS 
asvoavoue ; 


NOILWLS SNIAISD3Y IWNINY3SL NOILV1S SNISGING 3iviIGSNYSLNI 


at 

ao 

at 
a 
“r 


SIANNVHD 
y3lyYyVD 


NOILVIS SNILLINSNVEL TVNINYSL 


1 
' 


1 
' 
' 
' 
' 
' 


VOLUME UNITS, VU 


OlONnLs 
isvD0vous 


PROGRAM SERVICE 17-103 


depending on the type of amplifier. The levels must be high enough to provide a satis- 
factory signal-to-noise ratio and must also be coordinated with the levels of adjacent cir- 
cuits or systems, to avoid causing interference in them. A variable attenuator, having a 
range of 0 to 32 db, controls the amplifier gain. Figure 1 shows a typical layout and 
level diagram for a wide-band (8000 cycles) open-wire program system. 

Attenuation variations in the line over the frequency band (frequency distortion) are 
compensated for by low- and high-frequency equalizers of the constant-resistance type, 
which correct for variations in the preceding line section, to meet requirements. 

A repeating coil (impedance ratio, line to drop, of 1 : 1.15) is provided at each repeater 
point between the incoming line and line equalizing apparatus, which latter is on the line 
side of the line amplifier. This coil gives the proper termination to the line and insulates 
the line from the terminal equipment against noise and for protection. Suitable repeating 
coils are also provided at both 
ends of the local loops for similar Table 1 
reasons. A  non-loaded cable 
equalizer is provided for the local 
. cable loops. 

Special filters are required for 
facilities which transmit both | Intercity Circuits 


Approximate 
Classification of Facility Frequency 
Band in Cycles 


program and carrier frequencies, : : 100— 5,000 
iubondentosdoparate the.twodeos Pe ae quality : iss < ie oeprea Susie roa Reta ore { 50- 8.000 
quency bands at the line termina- 2. Medium iq walitiys ere cieysci op ese syertreusiere 200— 3,500 
tions and direct them into their 3. Speech only... ....--- +++ seeeee sees 300- 2,500 
: facualiine Gltors Metropolitan Area Circuits ? 

mLOpe Re duipmen ts 1. Studio-transmitter circuits for AM 
designed for 5000-cycle program Biptione sy. eo ut ERs ee 50- 8,000 * 
systems, introduce slight delay 2. Studio-transmitter circuits for FM 
distortion in the program fre- BLACIONSAM A Oe ee ne 50-15, 000 
quency bands. If the number of 3. Network loops—between studio and 
line sections in tandem equipped point of connection (toll office) with 
with these filters is about eight intercity network channels. ......... i 

4. Pick-up circuits—between points of 
or more, a delay equalizer for each program origin and studio or point of 
two filters is necessary to main- connection with intercity channels. . . + 


tain the time of propagation of , — 
all frequencies in the program * Band may be extended to higher frequencies if specifically 
requested by the customer. 


band within satisfactory limits + Equalized at request of the customer for band width desired 
(not to exceed about 0.3 milli- (usually 50-8,000 cycles). 

second difference between maxi- 

mum and minimum delays for a range of 500 to 5000 cycles). An auxiliary low-pass 
filter may be provided, if required, for 5000-cycle systems, to effect further discrimination 
against high-frequency interference from the line. 

An auxiliary low-pass filter may be used on 8000-cycle program circuits to supplement 
the low-pass filter of the carrier line filter set where further discrimination is needed. 

Noise must be limited in all program circuits, so that it will not interfere appreciably 
with the quality of the broadcast. 

Predistorting and restoring networks are employed in open-wire program systems, 
particularly the 8000-cycle system, to minimize high-frequency noise from nearby carrier 
systems. Predistortion is accomplished by introducing, at the sending end of the cir- 
cuit, a network which effectively raises in volume the currents above 1000 cycles to a 
higher level than normal for line transmission, thus increasing the signal-to-noise ratio at 
these frequencies. Since the power at the higher frequencies is relatively small, the 
amplifiers are not overloaded by this procedure. The restoring network at the receiving 
end of the circuit restores the predistorted currents to their original amplitude and phase 
relation. The net reduction in high-frequency interference is equal to the relative losses 
introduced by the restoring network at the frequencies restored. Figure 2 shows the char- 
acteristics of these networks, which are of the lattice type and are composed of combina- 
tions of inductance, capacitance, and resistance elements. 

Crosstalk also must be controlled. Methods of limiting crosstalk include such items as 
proper selection of facilities, maintenance of proper levels, and avoidance of the adverse 
effects of circuit irregularities which may develop from time to time. 

PROGRAM FACILITIES may be of open wire or cable, assigned for program use in 
the program frequency band, or such facilities may consist of single-sideband transmission 
over cable carrier systems, using three channels of a twelve-channel unit, or over other 
carrier system channels. 

Open-wire facilities for long-haul broadcasting usually consist of 165-mil hard-drawn 
copper-wire circuits, although 128- or 104-mil wire is frequently used, where available and 
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appropriate, but generally for the shorter-haul circuits. Preference is given to 8-in. non- 
hantomed pairs. Avr} 

i henpinae are spaced about twice as frequently (50 to 150 miles) for 104 circuits as for 

165 circuits. Open wire, being more subject to noise and crosstalk than cable or carrier, 

must be carefully selected and maintained in order to provide facilities of suitable 

quality. ; 

Cable pairs (non-quadded) may be employed for long-haul program service. ; The latest 
type of cable system for this purpose is the 16-gage B-22 loaded system, which is satis- 
factory for a band of 35 to 8000 cycles. ' 

The 16-gage B-22 system operates over one-way transmission paths. The non-quadded 
cable pairs are loaded at a 3000-ft nominal spacing with 22-millihenry coils. The attenu- 

-ation-frequency characteristics of this facility are shown in F ig. 19, article 16, and the 
impedance, cutoff, and velocity values are shown in Fig. 18, article 16. Amplifiers and 
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Fig. 2. Loss-frequency Characteristics of Predistorting and Restoring Networks—Open-wire Program 
System (Courtesy Bell System) 


associated apparatus are located at about 50-mile intervals. Attenuation and delay 
equalizers, as required, are associated with each line amplifier input circuit. A supple- 
mentary adjustable equalizer is usually required in each repeater regulator section, be- 
cause of the variations in capacitance and conductance of the different cable sections 
through which the program circuit passes. The application of this system for new instal- 
lations may be limited somewhat in the future by the newer developments in single- 
sideband carrier program transmission. 

High-quality program circuits may be operated over cable carrier systems, using single- 
sideband transmission and three channels of the system. The single-sideband system is 
designed to operate over as many as ten carrier links in tandem. Figure 3 shows a sche- 
matic of a single-sideband program terminal arranged for transmitting over cable carrier. 

Medium-quality program circuits may be assigned to 19- or 16-gage H-44 or B-88 cable 
side circuits, but non-linear and delay distortion in the repeaters and loaded pairs and 
transmission variations, particularly at high and low frequencies, limit the length of these 
facilities to about 300 miles for H-44 and B-88 loaded facilities. Channels of the cable 
carrier system may be used for medium-quality service if not more than one link of these 
carrier systems is used. Non-loaded cable is limited to relatively short lengths. 

METROPOLITAN-AREA PROGRAM FACILITIES, as indicated in Table 1, are 
designed to provide (1) studio to transmitter circuits for both a-m (amplitude-modulation) 
and f-m (frequency-modulation) broadcasting stations, (2) network loops between the 
studio and the point of connection (usually the telephone company toll office) with inter- 
city network channels, and (3) pick-up circuits between the point of program origin and 
the studio or the point of connection with intercity network channels. 

The types of line facilities used may consist of non-loaded exchange or toll cable pairs 
of various available gages, loaded exchange or toll cable pairs (where loading is required 
for transmission reasons), or open-wire pairs. Metropolitan-area program circuits, to a 
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large extent, employ non-loaded exchange cable pairs, and in some cases open-wire 


pairs, with or without intermediate ampli- 
fiers. 

Equalization may or may not be required, 
depending on the band width to be trans- 
mitted, length and gage of facilities involved, 
and the transmission deviation permissible 
over the frequency band. 

For studio to transmitter circuits, serving 
a-m stations, a relatively flat transmission- 
frequency characteristic may be obtained 
between 50 and 8000 cycles, using standard 
equalizer equipment, for sections of non-loaded 
cable not exceeding about 21.5 miles of 16-, 
10.0 miles of 19-, 6.5 miies of 22-, 5.0 miles of 
24-, or 4.2 miles of 26-gage cable conductors. 
Longer lengths of cable may be divided into 
sections not exceeding the above lengths, which 
are then treated individually. It is desirable, 
from a transmission stand-point, to employ a 
uniform type of facility for program circuits 
when available. 

For studio to transmitter circuits, serving 
f-m stations, standard equalizer arrangements 
provide a satisfactory transmission character- 
istic over metropolitan-area circuit lengths 
usually encountered. In one instance, such a 
circuit, consisting of 24 miles of 19- and 22- 
gage cable pair (non-loaded), with three inter- 
mediate amplifiers, was equalized to limit the 
overall transmission variation to 1.9 db for a 
frequency band of 30 to 15,000 cycles. Wider 
bands, extending to. 18 or 20 kc, have been 
provided in special cases when requested by 
the customer, using special equalizing methods. 

Carrier loaded (C 4.1 or C 4.8 loading) 
cable facilities when available may be equal- 
ized for metropolitan-area circuits, serving 
either a-m or f-m stations. The B 22 facilities 
are suitable for frequencies up to 8000 cycles 
for any length of circuit likely to be encoun- 
tered, using amplifiers and equalization as re- 
quired. 

SPECIAL FEATURES developed for pro- 
gram systems include: 

(a) Bridging arrangements, in which pro- 
vision is made for connecting one or more 
branch program circuits to the main program 
circuit at a given point. 

(6) Monitoring, in which attendants may 
listen in and supervise programs (to insure 
satisfactory operation) at designated points on 
the broadcast network. 

(c) Reversals, in which provision is made 
for two-way transmission over the same net- 
work facilities, by reversing the direction of 
transmission of all connected one-way ap- 
paratus at will, either manually or automati- 
cally, and under control of the telephone com- 
pany or the customer. 

(d) Order wire and talking arrangements, 
which permit the various control points and 
attendants to converse readily regarding net- 
work operations without interfering with the 
broadcast facilities. 
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Single-sideband Program Terminal Arranged for Transmitting over Cable Carrier System (Courtesy Bell System) 
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SUBSCRIBER STATIONS 


19. SUBSTATION EQUIPMENT 


SUBSCRIBER STATION EQUIPMENT consists of a large number of types and designs 
of subscriber telephone sets and auxiliary apparatus, essential to the furnishing of a com- 
plete telephone service in the most economical and satisfactory manner. 

The basic subscriber telephone set is assembled in a number of designs to meet the 
needs of different services and the subscriber’s convenience, but the operating principle is 
primarily the same for all these sets. The 
basic set consists principally of a trans- 
mitter, receiver, induction coil, condens- 
ers, ringer, and spring assembly (switch- 
hook), suitably mounted in a metal or 
plastic housing. The set will also have 
a dial if it is connected to a dial exchange 
or unit, and for magneto telephones a 
dry-cell battery for transmitter current 
and a magneto generator for signaling 
must be provided. 

THE TELEPHONE TRANSMITTER 
is designed to receive airborne sound 
waves of various frequencies and convert 
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Fie. 1. Cross-sectional View of Modern Non-posi- 
tional Transmitter Unit (Courtesy Bell System) 


The electrode surface area in contact with the 
the position in which the transmitter is used. 
of about 30 to 40 ohms and is applicable to 
Western Electric Co. make. 
peres for normal usage and life. 
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them into electrical waves of similar fre- 
quencies for transmittal over a telephone 
circuit. It is essentially a device which 
makes it possible for relatively weak 
sound energy to control electrical energy 
of greater average strength. 

The modern transmitter unit employs 
an insulated, spherical-shaped carbon 
chamber holding the carbon granules, and 
a very light metal conical diaphragm, with 
a dome-shaped center, which is positioned 
in the carbon chamber in such a way as 
to hold the granules in the chamber. The 
dome and chamber are the front and 
back electrodes, respectively, of the unit. 
Figure 1 shows a cross-sectional view of 
the Western Electric Co. No. F1 unit. 

carbon granules is the same, regardless of 
The No. F1 unit has a resistance (new) 
any type of subscriber telephone set of 


Transmitter current should not exceed about 100 milliam- 
A small condenser is usually connected directly across 


25 
FREQUENCY IN KILOCYCLES PER SECOND 


Transmitter Response Characteristics (Courtesy Bell System) 


3.0 35 40 45 590 


the transmitter electrodes of the Fl unit, when used in handsets, to minimize packing 
(welding together) of carbon granules as the result of arcing in the carbon chamber when 
the transmitter current is rapidly interrupted by switchhook flashing or other operations. 
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The response of all makes of the modern 
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non-positional transmitter is greatly improved 


over the older types, as shown for Western Electric Co. instruments in Fig. 2. 

THE TELEPHONE RECEIVER is designed to receive electrical waves of various fre- 
quencies and convert them into sound waves of similar frequencies for the listener’s ear. 
It is essentially a reconverter from electric to sound energy (within its frequency range) 
and is a necessary complement of the transmitter in the transmission of speech. 

The modern receiver is generally of the unit or capsule design, which is applicable to 


various types of telephone receivers and 
assembled sets as made by the respec- 
tive manufacturers. One make (W.E. 
Co. HA1) consists principally of a bipolar 
permanent magnet, with the parts as- 
sembled in a zinc alloy frame. The 
diaphragm of Permendur is seated on a 
ring projection of the frame, just above 
the magnet, with an air chamber of def- 
_inite volume behind it. This chamber 
has a small outlet hole covered with a 
silk disk of specified acoustic impedance. 
The diaphragm also has an air chamber 
of definite volume between it and the 
receiver cap, which latter has six holes 
of definite length and area. The un- 
clamped diaphragm thus rests between 
two air chambers of specified volumes 
and outlet impedances, and variations 
in receiver efficiency with temperature 
changes as well as diaphragm freezing to 
the pole pieces are practically eliminated. 

The HAI receiver unit has a working 
impedance at 1000 cycles of about 140 
ohms with a positive angle of 60°. 
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Fria. 3. Cross-sectional View of Modern Receiver Unit 
(Courtesy Bell System) 


Figure 3 shows a cross-sectional view of this type of 


receiver unit, and Fig. 4 shows its response characteristic as well as that of the older type 


W.E. Co. No. 557 receiver. 


The HAI receiver is affected adversely by d-c flow of either polarity, which for 100 


milliamperes amounts to about 4.5 and 6.0 


db loss in volume efficiency for the opposing and 


aiding directions, respectively, of current flow. 
The anti-sidetone type induction coil is now generally employed, in place of the older 


sidetone type. Figure 5 shows schemati 
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and produce sidetone. 


c diagrams of both sidetone and anti-sidetone 
station circuits and the 
direction of instantane- 
ous current flow for both 
the transmitting and re- 
ceiving conditions. 

In the sitdetone connec- 
tion (Fig. 5, circuit 1), 
the speech currents pro- 
duced in the transmitter 
divide between the A and 
B windings (solid arrows). 
The current in each of 
these windings induces a 
voltage in the other wind- 
ing (dashed arrows). 
The two currents in A 
combine to flow out over 
the line, and the two 
currents in B combine to 
flow through the receiver 


When receiving, the incoming current divides between the trans- 
mitter (7) and the receiver (R) branches (solid arrows). 


The current in A induces a 


voltage in B, which establishes an opposing current in B (dashed arrow), but the incom- 
ing line current in B is larger, so that the resultant current through RF is sufficient to 


actuate the receiver diaphragm. 


The sidetone reduction connection of the sidetone coil employed on short loops having 
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the sidetone type of subscriber set is shown in Fig. 5, circuit 2. With this connection the 
transmitter current cannot flow directly through the receiver (R) branch, but some in- 
duced current does flow through R because of the inductive coupling between windings A 
and B. Since transmitter current does not flow directly through B, this winding does not 
induce a voltage in A, such as occurred in the sidetone connection, and the transmitter 
line current is not thus aided, resulting in lower transmitting efficiency. In receiving, 
the incoming line current does not enter the B winding directly but flows through winding 
A, establishing an induced voltage from A to B, which causes received current to flow 
through R. Thus, the induced R current is not opposed by line current flowing directly, 
as was the case in the sidetone connection, resulting in slightly higher receiving efficiency. 


SIDETONE CIRCUITS SIDETONE REDUCTION 
TAN AROECONNECTION = CONNECTION 


RECEIVING 


CIRCUIT 1} TRANSMITTING 
(CIRCUIT 1) (CIRCUIT 1) 


ANTI - SIDETONE CIRCUIT 


CIRCUIT 3 RECEIVING (CIRCUIT 3) TRANSMITTING (CIRCUIT 3) 
Fia. 5. Sidetone and Anti-sidetone Station Circuits (Courtesy Bell System) 


In the anti-sidetone connection (Fig. 5, circuit 3), a third winding of relatively high re- 
sistance, so that the winding has both an inductance (C) and resistance (V) component, 
has been added to the sidetone circuit. 

In receiving, the incoming current divides between the transmitter (J) branch and 
winding B (solid arrows). The current in B divides between the receiver (R) branch 
and the winding C (solid arrows). The currents in A and B induce voltages in C, and, 
by properly proportioning the coil winding relations, the current in C (dashed arrow) 
resulting from these combined induced voltages is opposite and about equal to the current 
flowing directly in C. The C winding thus has no appreciable effect on receiving volume, 
and the recewing efficiency of both the sidetone and anti-sidetone circuits is about the 
same. However, owing to sidetone suppression, the effective receiving losses for the anti- 
sidetone circuit are substantially less. 

In transmitting, the transmitter (7) output current divides between the windings A 
and B, and the current entering B divides between the receiver (R) branch and the C 
winding (solid arrows). These currents in A and B induce voltages in B and A, respec- 
tively, resulting in an induced current flowing in an aiding direction in the line and in 
B (dashed arrows). The induced current in B divides between R and winding C (short 
dashed arrow). Also, there is induced in C a voltage (resulting from the currents flowing 
in A and B directly from the transmitter) which establishes a current in C (long dashed 
arrow). The combined currents in C flow through R in a direction opposite to the current 
(solid arrow) which comes directly from the transmitter. Since these opposing currents 
are, by design, about equal, the receiver is not appreciably affected during transmitting, 
and sidetone is practically eliminated. The transmitting volume efficiency of both the 
anti-sidetone and sidetone circuits is about the same, but the effective transmitting losses 
for the anti-sidetone set are substantially less, principally because, when less sidetone is 
heard by the talker, he unconsciously raises his voice level until the sidetone heard is 
about equal to what he is accustomed to in ordinary conversation. Increased voice level 
results in transmission gain. 


SUBSTATION EQUIPMENT 17-109 


The range of line impedance conditions is usually much greater for the local battery 
anti-sidetone set which is used on the longer loops into outlying and rural areas. In order 
to provide an approximate balance for these line conditions, the local battery anti-side- 
tone circuit is designed with a balancing network that can be connected for a line im- 
pedance of 600, 900, or 1500 ohms (angle 50°). 

Under average conditions, and depending upon the amount of sidetone reduction which 
may be effected in any particular case and upon the circuit design, a transmission im- 
provement of about 5 db may be expected from use of the anti-sidetone in place of the 
sidetone circuit. 

THE RINGING CIRCUIT of a common-battery subscriber set includes a ringer and 
condenser, but a condenser may or may not be required in this circuit for a magneto set. 
The common-battery sidetone circuit has a single condenser for use in both the receiver 
and ringer circuit, but with development of the anti-sidetone circuit a separate condenser 
is used in the receiver and ringer circuits. With the two- (split-) condenser arrangement 
and high-impedance ringers, the susceptiveness of the subscriber set to incoming line noise 
is materially reduced over the single-condenser set, especially on balanced party-lines (same 
number and type of ringers connected to ground on each side of the line). Ringers are 
manufactured in a large number of types (usually with permanent magnet yokes and bias- 
ing springs) and impedances for use with the several signaling systems and to meet signal- 
ing requirements. The types of signaling systems used include straight line (20 or 16 2/3 
cycle), harmonic, superimposed, and pulsating ringing, of which straight line ringing is 
commonly used for individual line, two-party selective, four-party semi-selective, divided 
code, or non-selective bridged stations. 

Harmonic ringers are designed for frequencies of 16.6, 20, 25, 30, 33.3, 42, 50, 54, 60, 
66, and 66.6 cycles. These ringers have reeds of different weights which respond only to 
the frequency for which they are designed. The harmonic system provides selective 
signaling for up to five bridged or ten grounded ringing stations (five connected to ground 
on each side of the line). 

Superimposed ringing requires the superimposing of d-c potentials (positive and nega- 
tive) on the regular a-c ringing current in order to raise the peak positive and negative 
voitages sufficiently to break down a three-element, cold-cathode, vacuum-tube gap, 
which is connected from line to ground at each station. The tube may be so connected 
that its gap will break down when either the positive or negative combined potential is 
applied, but not both. The ringer is connected between one element of the tube and 
ground so that, when the tube functions, the a-c ringing current will operate the ringer. 
This type of ringing is used in four-party selective and eight-party semi-selective service. 
The control gap of one type of tube has a nominal breakdown of 70 volts, and the nominal 
main (ringing) gap sustaining voltage is 75 volts. 

A-c relays, first used in this type of service, generally have been replaced by the 
tube. 

Pulsating ringing employs positive and negative pulsations sent out over the line from 
the office. The station ringers are biased with a spring so that they operate when either 
the positive or negative pulsations are applied, but not both. This type of ringing may 
be used for four-party selective or eight-party semi-selective service. 

Ringer impedances are designed to meet various service conditions. The low-impedance 
group will have d-c resistances of from 1000 to about 2500 ohms, and the high-impedance 
group of from 3500 to about 5700 ohms or more. 

Usually each ringer has a biasing spring, one end of which is attached to the armature 
and the other end, by means of a winding cord, to an adjusting stud on the ringer frame. 
Thus, the armature can be tensioned or biased to the degree necessary for the type of 
service involved, and to avoid cross rings and also bell taps during switchhook and dial 
operation. Ringers may be of the polarized or non-polarized type, depending upon the 
type of ringing system employed. 

The number of ringing bridges across a line or from either side of a line to ground is 
limited to a total capacitance of the ringer condensers not to exceed 2 uf where not more 
than eight such bridges are involved on non-polarized lines. 

Condensers are usually of 2-uf capacitance when used in single-condenser sets and in 
the transmission circuit of two-condenser sets. The ringer circuit of these latter sets may 
have a condenser of 0.5- to 1.0-uf capacitance, depending upon the ringer impedance, or 
for some types of magneto stations the condenser may be omitted. 

Hand generators of the three- or five-bar type, depending upon the length of line and 
number of bridged stations, are generally necessary in magneto subscriber sets for signal- 
ing the office or another subscriber on the same line. These generators carry a spring 
assembly which functions to open and close the generator circuit’ across the line when the 
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generator is idle and operating, respectively. Figure 6 shows a view of a five-bar gen- 
erator (Stromberg-Carlson make). 

The switchhook spring assembly in subscriber sets generally consists of two pairs of 
make-break springs which automatically close and open the transmitter and receiver 
circuits when the handset is lifted from and restored to its cradle. These springs are de- 
signed to retain their adjustments over long periods of time. One manufacturer is using 
heavy-gage, phosphor-bronze with precious- 
metal contacts, which provide positive, non- 
microphonie contact. 

Dials are required at all dial stations 
served by mechanical offices or private 
automatic exchanges of any type. The 
dial is the subscriber’s only means at dial 
stations of securing connection with other 
dial subscribers or with toll or assistance 
operators in his exchange area. Figure 7 
shows front and rear views of one type of 
dial assembly. The front view shows the 
finger wheel and stop and the number plate 
with its letter and number designations 
appearing through the finger wheel holes. 
The rear view shows the spring assembly, 
consisting of shunt (off normal) springs 
FUR aes os ae PES Re Ae, which short-circuit the transmitter and 
sate Suneerber’ Telephone Sets (Courtesy Strom! open the receiver cireults during dialing, 

berg-Carlson Co.) and the impulse springs which open and 

close the subscriber line circuit, thus causing 

pulses of current to flow in this circuit at an average rate of about 10 pulses per second. 

The finger wheel, having been turned to the finger stop for any selected letter or number, 

is released, and as it returns to normal under spring action it is geared to operate the pulse 

pawl at a speed controlled by the governor. The pulse pawl alternately opens and per- 
mits the impulse springs to close as many times as there are units in the digit pulled. 

Small filters consisting of inductance, capacitance, and resistance are generally bridged 
across the impulse spring contacts in order to reduce dialing interference to nearby radio 
receivers. 

Housings of various types are provided, in which the required subscriber telephone set 
units described above are assembled. These housings are made of zine alloy, plastics, 
steel for baseplates, and other materials, including rubber for cushioning. The various 
units are usually assembled on a universal baseplate, suitable for wall or desk-type sets. 


Front of Dial 


, Case. 
Number Plate Off Normal 
G) Contact Arm 


Rear of Dial Governor 
Adjusting Screw 


Governor 
Adjusting Arm 
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Fig. 7. Front and Rear View of Dial as Used vies ie Type Subscriber Telephone Set (Courtesy Bell 
ystem 


In one type of set, made by the Kellogg Switchboard and Supply Co., plug-in type in- 
duction coil (AST) and condenser units permit ready replacements to be made by pulling 
out the unit to be replaced and plugging in the new unit. The design of this company’s 
set includes a universal permanently wired circuit, consisting of a stamped metal grid 
nested in the underside of an interconnecting block which mounts on a baseplate. This 
grid is connected through the block to screw terminals and pin jacks mounted on the 
upper side of this block. The induction coil has a three-way and the condenser a two-way 
switching unit to permit convenient circuit adjustments. 
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Some companies are now providing non-interfering or press-to-talk features in telephone 
sets intended primarily for use on multiparty rural lines, to permit listening on the line 
without the transmitter being cut into the circuit and without interfering with the ringing 
and dialing or with conversations in progress. 
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Fic. 8. Schematic of Wiring of Subscriber Hand Telephone Set—Common Battery Talking—Common 
Battery Signaling (Courtesy Bell System) 


Figures 8 and 9 show, respectively, schematics of the wiring of a typical common bat- 
tery talking-common battery signaling (CBT-CBS) and a typical local battery talking- 
common battery signaling (LBT-CBS) subscriber hand telephone set for individual, two- 
party selective, or four-party semi-selective service. The dial and filter circuits are re- 
quired for dial service only. 
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Fic. 9. Schematic of Wiring of Subscriber Hand Telephone Set—Local Battery Talking—Common 
Battery Signaling (Courtesy Bell System) 


SUBSCRIBER SERVICES involving other than the regular subscriber telephone set 
just described require a wide variety of substation apparatus. Owing to limited space in 
this handbook, only brief mention can be made of some of the principal services currently 
rendered, which are: 

1. Station wiring plans, whereby individual central office, PBX, or private lines may 
be connected at one or more telephone stations of which one or more or none may have a 
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regular attendant. In these cases, each station telephone may be equipped in its base 
with several pushbutton type keys, or separate key boxes may be provided which can be 
used for originating, answering, intercepting, holding, or transferring central-office calls 
on one or more lines, or connections can be established between stations without using 
either a central-office or PBX line. Various arrangements for controlling, locking out, 
grouping, or extending station calls are also available. Signaling between stations is 
usually by a pushbutton and buzzer circuit with battery or low voltage alternating cur- 
rent derived from the commercial power supply. Operating power may be supplied lo- 
cally or from the central office. 

2. Loudspeaking and distant talking systems may be employed between a master and one 
or more regular stations, facilitating communication, and such systems may be associated 
with regular telephone facilities and equipments. These systems require amplifiers, 
which are associated with each loudspeaking and distant talking telephone set, to provide 
adequate volume from the loudspeaker. Commercial power is usually employed for this 
equipment. 

3. An operator-type transmitter and receiver set, with an associated key and jacks, may 
be provided at subscriber stations to facilitate handling messages over the telephone. 

4. Loudspeaker conference service may be provided, where groups of people desire to 
listen to a local or distant talk and are assembled at one or more points. An amplifier 
and loudspeaker with a suitable subscriber set and switching keys are required for this 
service. Commercial power is used for this equipment. 

5. Coin collectors of various types are located in public places where customers may 
place local or long-distances calls, either by prepayment or postpayment of the charges. 
Some of these collectors are placed in booths; others, in the open at locations convenient 
for public use. 

6. Subscriber amplifier deaf.set equipment provides for amplification of the incoming 
voice currents before reaching the subscriber’s receiver. The incoming volume level is 
raised sufficiently, in many cases of deafness, for the subscriber to carry on a telephone 
conversation which would otherwise not be possible. ; 

7. Code calling systems sound code signals at various points throughout a subscriber’s 
establishment to notify certain employees or officials that they are wanted at the telephone 
or for some other reason. The controlling station on this'system is usually located at the 
subscriber’s PBX switchboard and is operated by the PBX attendant as a separate sys- 
tem, or the system may be actuated directly from a dial PBX or PAX system without an 
attendant. 

This system requires code sending and station signal equipment, properly located and 
interconnected by wiring. Commercial a-c power supply is employed for operating it. 

8. Loudspeaker paging systems are designed to provide a means of simultaneously 
transmitting messages or announcements verbally from a central location to a number of 
points within an establishment. These systems have a variety of uses from summoning 
a person to a telephone or directing employee activities, to providing information to a 
limited area. 

9. Subscriber telephone sets for explosive atmospheres are available for use in mines, oil 
refineries, or munition plants. The equipment is designed to prevent sparking of the 
various parts under operation, causing explosions. 

10. Outdoor-type telephone sets are provided for mounting in outdoor places for fire, 
police, taxicab, and other services. These sets are enclosed in cast-iron or wooden hous- 
ings, which protect the equipment from weather conditions. 

11. Sound powered telephones are provided in locations where it is desired to avoid pos- 
sible central energy failures and where the distances between stations are relatively short, 
such as in an establishment, on a ship, or as portable field telephone equipment where 
batteries are not desirable. These telephones operate through action of sound waves 
striking the transmitter diaphragm and causing a variation in a magnetic field which pro- 
duces electric currents in the telephone circuit of frequencies similar to those in the sound 
waves. The receiving apparatus functions quite like the regular telephone receiver. 

12. Program distributing systems are designed to furnish program material, either from 
broadcasting stations or central program points, to hospitals, schools, hotels, business 
establishments, factories, homes, and many other locations. Program material may con- 
sist of music, speeches, announcements, and various other features of interest. This 
material is usually transmitted over wire lines from its source to one or more common 
amplifiers and thence distributed to subscribers over wire lines to loudspeakers at the 
various locations. 
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20. SUBSCRIBER STATION PROTECTION 


Substation protection is required to protect subscribers and substation equipment from 
dangerous voltages and currents. The telephone plant is designed to withstand, with 
some margin, its normal operating currents and voltages. But there are other sources of 
electrical power, chiefly lightning and commercial power lines, which may under certain 
conditions impress large and destructive voltages, with resulting excessive currents, on the 
telephone plant, either by direct contact or by induction. 

Danger from lightning in cities is less than in sparsely settled areas because of the shield- 
ing effect of buildings, trees, and various overhead structures. The danger from power- 
line contacts with aerial telephone plant is always present where the two types of plant 
are in close proximity, although material progress has been made in lessening this hazard 
over the years by improved methods of construction and protection. Stations connected 
to lines which are exposed to more than 250 volts between wires usually require protection 
and are classed as exposed stations. 

The maximum voltages most commonly impressed on subscriber lines for telephone 
purposes range from 24 to 50 volts direct current and from 75 to 175 volts alternating 
current. Direct-current flow over the subscriber loop (individual line service) does not 
usually exceed 150 to 200 milliamperes and in most cases is less than about 100 milli- 
amperes. 

One type of substation protector widely used consists principally of two pairs of carbon 
protector blocks (open space cutouts) and two line fuses (one pair of blocks and one fuse 
for each side of the line), with associated spring and terminal holders, mounted on a por- 
celain base. Another design employs two metal plates, each of which connects with one 
side of the line and has a sawtooth inner edge positioned 0.004 in. from a grounded carbon 
block. The discharges take place across this gap. The ground electrode of the protector 
must be well grounded in every case. 

CARBON PROTECTOR BLOCKS (sometimes designated as lightning arresters or 
dischargers) are manufactured in several designs, with the gap between the line and ground 
block varying from about 0.003 to 0.075 in. or more. The dielectric between the blocks 
may be air, or mica or acetate separators may be used. One design common throughout 
the United States consists of a grooved porcelain block with carbon insert for the line 
contact, and a solid flat (plain) carbon block for the ground contact. The line spring 
bears against the carbon insert set in the porcelain frame, and the porcelain frame bears 
against the ground block. The carbon insert is held in place by a glass cement of low 
melting point, and is forced against the ground block when arcing across the gap is 
sufficient to soften the cement. 

The carbon insert is accurately positioned in its porcelain frame to provide a 0.003-in. 
gap for substation protection, or, when used at the junction of cable and open wire lines, 
this gap is 0.006 in. The peak breakdown voltages for these gaps are about 350 average 
and 550 maximum for the 0.003-in. gap and about 710 average and 1080 maximum for the 
0.006-in. gap. 

The fuses, being connected in series with the line and on the line side of the protector 
blocks, are designed to open each side of the line when the protector blocks discharge heav- 
ily or break down completely and when the resulting current through the fuses exceeds 
their ratings, which are usually 5 or 7 amperes, although fuses of other amperage may be 
used, depending upon operating company requirements. 

Grounding of the protector requires a reasonably low-resistance ground (less than about 
25 ohms), which may be obtained at the subscriber’s premises by connecting to (1) the 
public water pipe system, (2) a private water pipe or well casing system, or (3) a driven 
ground (ground rod or pipe), preference being given in the order named. 

A common ground with the secondary neutral of power distribution wiring is usually 
employed at the subscriber premises unless adequate separation between the telephone 
and power wiring on the premises can be maintained. ‘This is'to avoid excessive poten- 
tials being impressed on the telephone wiring, where separate grounds are employed, 
should there develop abnormal currents in the secondary neutral due to its becoming 
crossed with the primary power circuit. 

Where extensive public water pipe or other systems having a low resistance to ground 
are available, common grounding should be used. Where such systems are not available, 
consideration must be given, in deciding on a separate or common ground, to the prob- 
ability of high potentials being impressed on the telephone wiring in case of high currents 
in the secondary neutral. 

Figure 10 shows one type of substation protector, widely used, with a fuse mounted 
along each side and the protector blocks held in a spring assembly set in a well in the 
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center of the porcelain mounting block. The metal cap shown screws down over the 
blocks, excluding dirt and moisture. : 

Substations located at power stations generally require special protection. Whenever 
an abnormal condition on a power system results in ground current between the power 
station and an outside point on the system, the ground-potential rise at the power station 
above that of distant grounds will depend on the JZ drop in the power-station ground. 


Sj 


Fig. 10. Substation Protector (Courtesy Bell System) 


Such a potential rise might exceed the breakdown potential of the usual telephone pro- 
tector and render the telephone circuit inoperative at a time when it is most needed. Spe- 
cial protective devices, consisting of a neutralizing transformer or remote grounding of the 
telephone protector, may be considered in determining the type of special protection to 
use. 


21. PRIVATE BRANCH EXCHANGE EQUIPMENT 


Private branch exchange (PBX) equipment, as discussed here, includes manual and dial, 
cordless and cord, attended and unattended switchboards, whatever particular designa- 
tions (such as PAX or PABX) are given to them by various companies. These boards 
range in size from the small ten-line system to the largest multiple type having a capacity 
of about 3000 lines or more. 

MANUALLY OPERATED PBX BOARDS may be of the cordless type serving a few 
stations or of the cord type for the larger installations. These boards may also be oper- 
ated in conjunction with PBX dial equipment. 

A typical type of manual cordless common-battery PBX board has a capacity of twelve 
extensions (stations), five central-office trunks, and five connecting circuits. Hach ex- 
tension and each trunk terminates in a vertically mounted key unit which has three keys 
with levers in a vertical row. Each key lever can be operated either up or down or remain 
in its normal middle position. The upper and middle horizontal rows of keys, when op- 
erated up or down, connect their respective trunks or extensions to a common strapping 
between the keys in the board, and the lower horizontal row of keys does likewise when 
operated to the up position. In the down position, these latter keys bridge a holding coil 
across the trunk for the trunk keys and apply ringing current to the extensions for the ex- 
tension keys, and the ringing keys are non-locking. 

Each trunk has a visual drop and condenser bridged across it, and each extension has a 
visual signal in series, so that the central office and the extensions can each signal the at- 
tendant. A supervisory relay is provided in each connecting circuit, which circuit also 
provides talking battery for extension to extension connections, through a retard coil. 
For trunk to extension connections, talking battery is furnished over the trunk from the 
central office. The attendant’s telephone set is connected to the first vertical key unit on 
the right side of the board. 

Nominal power of 24 volts direct current is required for talking battery between ex- 
tensions or between the attendant and the extensions and is usually furnished over cable 
pairs from the office, as is the required 20-cycle ringing current for the board. A hand 
generator is provided for the board for emergency use or where office ringing power is not 
available. 

Incoming rings over a trunk operate the trunk drop, and the attendant answers by 
operating an idle connecting circuit key associated with the trunk, and also the attendant’s 
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corresponding key, both in the same horizontal row and to the same position, up or down. 
This connects the attendant’s telephone to the trunk line. 

If an extension is being called over a trunk, both trunk and extension keys are operated 
to corresponding positions and the extension ringing key is operated. When or before the 
extension answers, the attendant restores the attendant’s telephone set key to normal, and 
when the supervisory signal indicates that the conversation is finished both the trunk and 
extension keys are operated to normal. 

Extension to extension calls are established similarly by properly operating the calling 
and called extension keys. 

Trunk calls can be held by the attendant operating the trunk holding key. The at- 
tendant or any extension may dial through the board to a dial office, if the telephone set is 
equipped with a dial. Outgoing trunk calls signal in to a manual common-battery office 
automatically. 

Another type of manual cord common battery PBX board has a capacity of 320 extensions, 
15 central office trunks, and 15 cord circuits. This board is of the two-panel, single- 
position, non-multiple type suitable for medium-size installations ranging from 80 to 320 
extensions. Two boards may be operated side by side to increase the capacity. The 
’ trunks, central office or tie (to another PBX), and the extensions terminate on jacks be- 
tween which the connections are established by means of the cord circuits. The trunks 
are ringdown incoming to and automatic signaling outgoing from the PBX. Each pair 
of cords has a talking and listening key and a ringing key for ringing on either the front or 
back cord, and double lamp supervision, except that supervision is provided on the ex- 
tension cord only, for trunk calls. Each trunk and extension circuit is equipped with 
lamp signals for signaling the attendant, and up to 20 line relays may be provided for ex- 
tensions to increase their signaling limit. 

The attendant’s telephone circuit contains a dial for dialing on dial trunks or extensions. 
The board may be operated in conjunction with dial PBX boards for intercepting calls 
or other services. 

Talking battery is supplied for extension to extension connections through the single 
bridged retard coil in each cord circuit, but for trunk to extension connections talking 
battery is furnished from the central office. Nominal 24-volt battery required at the PBX 
for talking and circuit operations, and 20-cycle ringing power for ringing extensions, are 
usually provided over cable pairs from the central office. A hand generator is usually 
furnished for emergency use. 

This board is designed to establish connections between local extensions and between 
these extensions and a manual or dial central office or other PBX. 

Incoming calls from either a trunk or extension to an extension light an associated lamp 
signal at the board, and the attendant answers by operating the talking and listening key 
of the answering cord, which has been inserted in the calling jack. The connection is then 
completed by inserting the calling cord in the called extension jack and ringing this ex- 
tension. Outgoing calls to the central office are handled over a trunk similarly, except 
that signaling the central office is usually automatic. 

A type of large manual cord common-battery multiple PBX board has a capacity of 1520 
extensions (without designation strips), 240 trunks, and 15 cord circuits (per position). 
The number of extensions may be increased by using a 34 1/9-in. in place of the usual 
24 1/3 in. jack panel opening. There are two panels per position and four panels per 
multiple jack appearance for both extensions and trunks and one position per switchboard 
section. 

The trunks and extensions terminate on series cutoff type jacks in the face of the board, 
and each jack has a multiple line lamp (for manual operation) associated with it. Since 
each extension or trunk appears in the jack multiple at every fourth panel throughout the 
board, the multiple lamps can be arranged to light, for an incoming call, at each appear- 
ance up to a total of four, thus attracting the attention of a greater number of attendants 
and improving answering performance. Line relays may be provided for the extensions 
to increase their signaling range. The manual trunks are usually ringdown incoming and 
automatic outgoing, and for a dial office they are of the dialing type. 

The cord circuits are of the bridged-impedance series-condenser type, which provide 
battery feed to each cord of the pair separately through bridged retard coils. The tip and 
ring of the cord pair each has a condenser in series which prevents d-c flow in one half of 
the cord circuit affecting d-c flow in the other half. Talking battery is thus supplied each 
extension from the PBX cord circuit for extension to extension calls and to the extension 
for tie trunk to extension calls. For central-office trunk to extension calls the cord cir- 
cuit is so arranged that extension talking battery is furnished from the central office, except 
where PBX long line circuits are provided at the PBX. 

Each cord pair has a talking and dial key and a ringing key for ringing on either the 
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front or back cord. Double lamp supervision is provided for each cord circuit on extension 
to extension calls, and single supervision for trunk to extension calls. A position dial may 
be cut in on any cord for dialing by operating the talk and dial key. 

The distributing frames are enclosed in sections at the head of the switchboard. Fac- 
simile sections may also be located in the switchboard line-up. The board may be oper- 
ated in conjunction with dial PBX boards for intercepting or other services. 

The power required for operation of this board is a nominal 48-volt d-c source for talk- 
ing and circuit operations, and 20-cycle ringing current. Owing to the usually relatively 
heavy battery drains, storage batteries are provided at the PBX and charged by a separate 
power unit at the PBX or, where economical and practicable, over cable pairs from the 
central office. Ringing current is also generally supplied to the PBX over cable pairs 
from the office, and each position is equipped with a hand generator for emergency use. 

This board is designed for establishments, such as large department stores, institutions, 
and organizations, where PBXs of the smaller types are not adequate. It may be oper- 
ated in manual or dial office areas and in conjunction with other manual or dial PBXs. 

Operation is similar to a regular exchange manual switchboard except for the several 
special features that may be provided to meet the individual subscriber’s needs. 

A typical medium-size dial PBX unit of the step-by-step (SXS) type has a capacity 
of up to 79 extensions, 10 central office and 10 attendant’s trunks, for two-digit dialing. 
The SXS equipment consists principally of 20 line finders, 100 line and cutoff relays, and 
miscellaneous equipment mounted on the side of the switch frame, and 20 selector-con- 
nectors and 19 trunk equipments mounted on the reverse of the frame. 

This PBX unit functions with a suitable companion manual PBX containing a jack 
appearance for each trunk and extension for the purpose of receiving, originating, and 
intercepting calls that cannot be handled by the SXS unit. Incoming calls reach the 
manual attendant, who dials the called extension over an attendant’s trunk. Outgoing 
calls may be handled and calls requiring special treatment are usually handled at the man- 
ual board. The SXS unit handles direct calls between extensions and from extensions to 
the central office, associated manual PBX board, and other PBX boards equipped to re- 
ceive dialing pulses. 

Power requirements for the SXS unit consist of nominal 48 volts direct current for 
talking and circuit operations, and machine ringing current. D-c power is usually sup- 
plied by a small power unit located at the PBX, or over central-office cable pairs if the 
load permits and pairs are available. Ringing current is generally furnished over central- 
office cable pairs. 

Dialed calls are completed by the usual step-by-step processes (described elsewhere in 
this section). Calls handled at the manual PBX may either be dialed in dial office areas 
or completed over automatic signaling trunks in manual office areas. 

Dial PBX units of the step-by-step type having capacities up to 3200 extensions, depend- 
ing upon the number of extensions required, are available. Two-digit dialing (under 100 
extensions) requires line finders and selector-connectors (operating as a selector on the 
upper levels and a connector on the lower levels) while four-digit dialing requires first and 
second selectors and connectors. If incoming dial repeating trunks are provided, they 
terminate on incoming connectors for two-digit and on incoming selectors for three- or 
four-digit dialing. The line finders have a 200-point bank; the other switches have 100- 
point banks. 

These dial PBX units are usually associated with manual PBX units, the latter receiving, 
originating, and intercepting calls that the SXS unit is not arranged to handle. The SXS 
unit handles calls between extensions and calls to the central office or to another PBX 
which are capable of receiving dial pulses from the extensions or over dial repeating trunks. 
The extensions of the SXS unit may be reached direct from other PBXs if proper dialing 
facilities are provided, but calls to these extensions from the central office are usually 
handled at the manual PBX board. 

PROTECTION for PBX trunks and extensions at the PBX is the same as for regular 
subscriber to central-office lines of the same classification, that is, exposed or non-exposed. 
In addition, owing to paths to ground through the equipment in the PBX board, which 
may permit foreign currents large enough to cause trouble to flow through the equipment, 
heat coil type fuses having the same operating characteristics as central-office heat coils 
(except that they open rather than ground the line wires) are provided in each exposed 
trunk and extension at the PBX. In the case of large PBXs a section of fine-gage cable 
sometimes is used in place of the 7-ampere line fuses. This is similar to the fusing pro- 
vided at central offices (see article 6). 

ORDER TURRETS, manufactured in various types and capacities, are employed in 
business or service establishments, such as department stores, telegraph offices, taxicab 
companies, and newspaper Offices, to receive orders for goods or requests for services. 
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One type of order turret for multidepartment businesses has a capacity of one two-way 
trunk and one outgoing trunk from the turret to the subscriber’s PBX and one incoming 
trunk from the PBX to the turret. The incoming customer calls are received at the PBX 
board and routed over trunks to the proper department turret, where an attendant re- 
ceives the customer’s request. The turret serves as a small switching unit between a 
single telephone in the departments thus equipped and the PBX, and it avoids the in- 
stallation of several telephones at each location. 

An order turret system, where incoming calls are concentrated in one line-up of turret 
positions, is also available. Incoming customer calls from either a manual or dial central 
office or PBX are received in incoming trunk circuits, allotted by an allotter circuit to a 
sequence storing circuit, and thence released to an idle attendant in the sequence in which 
the calls are received. Thus the calls are distributed automatically as rapidly as turret 
attendants become idle and with minimum loss of time in handling. This type of system 
has a capacity of 120 incoming trunks (with first group of selectors), 110 attendant’s trunk 
circuits, and 110 attendant’s positions. A small order turret located in front of each at- 
tendant has four keys and two lamps, a trunk, and a calling waiting signal for receiving 


and originating calls. Calls can be held, released, or transferred by means of these keys. 


Usually a manual or combined manual and dial PBX board is associated with this turret 
system. Power supply is 20-28 volts direct current, for which a local automatic power 
plant is provided. Ringing current is usually furnished over cable pairs from the central 
office. 
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TELEGRAPHY 


THEORY 


By John D. Taylor 


Fundamentally, the process of communicating by telegraph consists of sending electrical 
impulses by wire or radio from a transmitting to a receiving point. These impulses are so 
selected, arranged, and transmitted (in sequence), that they are received, interpreted, and 
recorded as intelligible characters at the receiving point. Such interpretation may be 
made by the ear listening to the click of a telegraph sounder or the tone in a head receiver 
or loudspeaker, or by automatic and mechanical devices. 

Basically, it was necessary to develop codes (intelligence-bearing arrangements of elec- 
trical impulses) and to provide transmitting and receiving devices and interconnecting 
channels, capable of satisfactorily passing these codes between the desired locations. 


1. METHODS OF TRANSMISSION 


Telegraph codes or signals are transmitted electrically (1) by open-wire land lines or 
cables or short submarine cables, using either direct or alternating current, (2) by long 
submarine cables (oceanic), using only direct current, and (8) by radio, using only alter- 
nating current. 

Direct-current telegraphy employs a d-c source of power, which is either interrupted, 
reversed in polarity, or altered in magnitude by the transmitting mechanism. The line 
current frequency with present high-speed telegraph systems does not usually exceed about 
200 cycles per second, and thus systems using this type of transmission are generally 
referred to as low-frequency systems. 

Alternating-current telegraphy employs, for each transmitting channel, a relatively 
narrow band (about 170 to 300 cycles wide) of a-c frequencies, which are modulated by 
the telegraph signals, being transmitted, before being applied to the line. A basic block 
of frequencies, approximately 3000 cycles wide, is used to provide a group of carrier chan- 
nels, the number of channels per block depending on the width allocated to the individual 
channels. Carrier telegraph systems utilize one, two, four, or more basic blocks of fre- 
quencies in each direction of transmission, the blocks being stacked one above the other in 
the assigned frequency range by translation or second-modulation, as discussed in article 3, 
Section 17. 

The transmission and reception of signals may be either manual or automatic. In 
manual operation, the transmitted signals are formed by a hand-operated switch or sending 
key, and the signals are received either on an electromagnetically operated sounder, which 
converts the signals into audible clicks, or on a Morse recorder, which makes an ink record 
of the received impulses. These audible or recorded signals are interpreted by an opera- 
tor, who typewrites the message manually. Automatic operation provides for the forma- 
tion and transmission of the signals by an automatic circuit-interrupting device or trans- 
mutter, which may be controlled either directly or indirectly by a group of keys similar to 
a typewriter keyboard. The received signals are automatically interpreted and recorded 
in typewritten form by a printer. In some cases, notably in the operation of submarine 
cables, a combination of automatic transmission and manual reception is employed. 
The transmitting and receiving equipment, and the associated line terminal apparatus, 
are so closely related that the entire assembly is usually referred to as a telegraph system. 


2. CODES 


Characters of the alphabet, figures, and punctuation marks are transmitted as combina- 
tions of marking and spacing impulses. A marking signal or impulse is one which causes 
the receiving apparatus to be operated, and a spacing signal, which separates successive 
marking signals, places the receiving apparatus in the unoperated condition. Spacing 
signals may be intervals of no current, impulses of opposite polarity to the marking sig- 
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nals, or impulses of different current value from the marking signals. Two-element codes, 
employing only two conditions of current, positive and negative, or current and no cur- 
rent, are mainly used on land line circuits. Three-element codes, which use both positive 
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Fig, 1. Telegraph Codes—Morse, Continental, and Cable Morse 


and negative polarities and also a zero or no-current interval to separate groups of im- 
pulses, are employed chiefly on long non-loaded submarine cables, where the comparative 
freedom from extraneous interference removes the chief objection to the use of a zero 
interval for the separation of signal groups. 

The Morse Code is used almost exclusively in the United States on hand-worked land 
lines; the Continental Code has been adopted by almost all foreign telegraph administra- 


18-04 TELEGRAPHY 


tions, and is universally employed on radio telegraph circuits. In these two codes, the dot 
signal is the basis of time measurement. A dash is three times the length of a dot; the 
spaces separating successive impulses in a combination are of dot length; the spaces be- 
tween impulse groups are equal to three dots; and a space equivalent to six dots is used 
to separate words. The Cable Morse Code is used almost entirely in the operation of long 
submarine cables. All impulses and spaces are of equal length, a positive impulse repre- 
senting a dot and a negative impulse repre- 
senting a dash. 

In calculating speeds, the average Morse 
character is equivalent in length to approxi- 
mately 8.5 impulses of dot length, or about 
4.25 cycles, while Continental characters 
average about 9 impulses or 4.5 cycles each. 
The Cable Code averages 3.7 impulses or 
1.85 cycles per letter. These figures take 
into account the frequency with which the 
various letters of the alphabet occur in 
ordinary telegraph traffic. 

Figure 1 shows the combinations of dot 
and dashes used in the Morse and Conti- 
nental Codes, and the positive and negative 
polarity and zero current intervals used in 
the Cable Morse Code. 

While the Morse and Continental Codes 
are designed for manual operation, the 
Cable Morse Code is transmitted automati- 
cally. The automatic transmission of tele- 
graph signals is almost universally employed 
for land line, cable, and radio telegraph sys- 
tems, because of its greater speed and ease 
of operation, resulting in large economies. 
Manual operation, when and where used, is, 
in general, confined to short-haul traffic and 
special services of such a nature as not to 
warrant or be adaptable to automatic 
operation. 

In developing automatic telegraph sys- 


Characters Code signals 


Ken U 


PHOWss VR eOHKR WH 


o 
2 


w<x Sc CaynwmovdezerrAcwrtinyAmoaa> 
OnNne Nw 


. 
< 


40 speed 


60 speed 
75 speed 


100 speed 
Fie. 2. 


Teletypewriter Code (Courtesy Bell 
System) 


tems, it was necessary to design machines or 
devices, which would automatically send 
and receive electrical impulses (positive or 
negative) and to devise individual arrange- 
ments of these impulses, representing intelli- 
gible characters. It was further required 
that these arrangements could be set up 
manually for transmission, and sent, re- 
ceived, and interpreted automatically at 
speeds suitable to the transmitting medium. 

One type of sending and receiving device 


for use in automatic systems is the teletype- 
writer or teleprinter (described in detail in article 7 of this section), which utilizes a 5-im- 
pulse code for each character with a single impulse for starting and also for stopping both 
sending and receiving units between characters. The code devised for the teletypewriter, 
which is practically identical with that of the teleprinter, is shown in Fig. 2, in which L.C. 
and U.C. are abbreviations for lower- and upper-case characters on the typing keyboard 
and the black and white spaces are the marking and spacing impulses, respectively. The 
signal impulse lengths in milliseconds (ms) are also shown for different operating speeds 
(words transmitted per minute). 

Of the 32 separate combinations available, using 5 equal-length impulses for each 
character, the combination of all spacing impulses has no character assigned to it and is 
not transmitted. 

The line frequency for the teletypewriter operation depends upon the number of words 
per minute being transmitted. For 60-speed transmission (about 60 words per minute) 
the shortest signal element is about 0.022 sec (see Fig. 2), and the line frequency is 


1/(0.022 2) = 22.7 cycles per second 
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3. TELEGRAPH SIGNALS 


Electrical impulses must be formed by the transmitting device, transmitted through a 
connecting medium, and finally received and interpreted by the receiving device, so that 
the received message is identical with the original sent message and is efficiently trans- 
mitted. However, owing to the electrical characteristics of telegraph circuits and asso- 
ciated apparatus, telegraph signal currents are generally more or less modified (electri- 
cally) in transmission, and, if suitable corrections were not made, these modifications or 
distortion would, in many cases, cause errors in the received message. 

Telegraph signals, in d-c operation, are classed as (1) neutral (current flows over the 
line in either direction for the operated or marking position and no current flows for the 
non-operated or spacing position of the line relays) or (2) polar (current flows over the 
line in one direction for the marking and in the opposite direction for the spacing position 
of the line relays). For either type of signal, the change of current from mark to space or 
space to mark is known as a transition. 


4. WAVE SHAPES 


NEUTRAL SYSTEM. The change in line current values, with respect to time, may 
be plotted to show the wave shape of the telegraph signal for any telegraph circuit, as shown 
in Fig. 3 for a neutral circuit transmitting the Morse signal (dot, dash) representing the 
letter A. For such a circuit, A in 
Fig. 3 shows the wave shape of the 
current, if the times of building up 
and decaying to the steady-state 
values are neglected, B shows the 
effect on the wave shape of series Time 
inductance (line relay or composite A 
set winding), and C shows, by the 
shaded area, the additional effect 
on the wave shape of the composite 
set or other condensers. 

With reference to C, Fig. 3, when 
the telegraph sending key closes, ee 
the inductance in the circuit op- 
poses any sudden change in current 
value, and part of the current is 
diverted from the line to charge the 
composite set condensers to about 
the applied battery potential, as 
the line current builds up to its 
maximum value; when the key Fia. 3. Wave Shape for Letter A—Neutral Telegraph System 
opens, the current immediately (Courtesy Bell System) 
starts to decay and, although 
partly sustained by flow of current from the condensers and the opposition of the induct- 
ance to current change, shortly reaches its minimum value. 

Current wave shapes are important factors, which affect telegraph relay performance 
and adjustments. For any given relay, there is a definite operating and release (less than 
the operating) current value for given operating conditions. Figure 4 shows a schematic 
d-c circuit, containing a neutral type of telegraph relay, milliammeter, battery, and rheo- 
stat. The retractive spring tension is controlled by adjusting screw S;, the armature to 
pole piece air gap by Se, and the armature travel distance by 3 and Sq. 

Figure 5 shows the effect of relay adjustments on operating and release current values 
(indicated by the black dots, O, R, O,, and R; on the curves), and on the effective length 
(T and T;) of the telegraph signal. In telegraph parlance, the shorter marking signals 
are called ‘‘light’’ and the longer marking signals ‘‘heavy.’”’ In practice, relay adjust- 
ments are made, as required, to provide satisfactory received signals from usually dis- 
torted wave shapes, caused by the electrical or mechanical characteristics of the line and 
associated equipment or changes therein. 

Effective signal length might also be increased or decreased for a given neutral tele- 
graph circuit with a fixed relay adjustment by raising or lowering, respectively, the applied 
circuit voltage. However, since line current values are limited, in practice, by crossfire 
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into other telegraph circuits or by interference with telephone transmission, this method 
of controlling the signal length is restricted and not usually employed. 


OO 


Fig. 4. Schematic of a D-c Telegraph Circuit with Neutral Relay (Courtesy Bell System) 


Relay adjustments are also affected by line conditions, such as leakage of line currents 
+o ground through tree or other contacts or the direct capacitance between the line wire 
and ground. In general, for open-wire telegraph circuits this leakage factor varies as among 
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Fia. 5. Effect of Relay Adjustment on Telegraph Relay Operation (Courtesy Bell System) 


wires and increases materially from the dry to wet weather condition. Figure 6a shows a 

neutral telegraph circuit with grounded battery at one station and Fig. 6b the same cir- 

cuit with grounded battery at both stations, and for both circuits the leakage to ground, 
Station A Station B 


Fic. 6. Neutral Telegraph Circuits with Leakage to Ground (Courtesy Bell System) 


which may be concentrated principally at one or more points or generally distributed along 
the line, is represented by the resistance S. 
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Figure 7 shows leakage effects on the current curve for the circuit (Fig. 6a). The curve 
in Fig. 7, A, represents the ideal condition of no leakage. The curve in B represents the 
leakage current alone through S. Since the inductance through S is less than through 
station B, the leakage curve in B is steeper than the curve in A, and this resultant, which 
affects station A relay, may be about as shown in C. In this curve, the effective signal 
length 7’, is greater (heavier signal) than 7, in A. The leak S also shunts the path through 
station B and tends to decrease the line current to this station, as well as to flatten the 
current curve, as shown by D. 

The wide variation of effective signal lengths, 7, and Ta, through station A and B relays, 
in series, would not occur if half of the total line battery voltage was applied at each sta- 
tion, oppositely poled to the line, as shown in Fig. 6b. Since each battery supplies current 
to the leakage path S, but in oppo- 
site directions, the resultant current 
through this path will generally be 


small and the line current through € e 

the station A and B relays will be & 5 

more nearly equal and stabilized © © 

‘than for single end battery feed, thus 

improving signal transmission. amie Time 
Telegraph current wave shapes A B 

formed by direct current are, in 

effect, somewhat similar to a-c wave 

shapes and contain various harmon- 

ics of the fundamental frequency, as # 2 

will be discussed later. Owing to §& ¢ 

the normal line wire capacitance to 6 é 

ground (irrespective of other leakage 

paths), the a-c components of the 

telegraph currents will be shunted, in Time Tine 

‘some degree. Thus, the line capaci- Cc D 


tance not only reduces the effective yq¢.7. Effects of Leakage on Current Curves for the Neu- 
current at the receiving station but tral Telegraph Circuit of Fig. 6a (Courtesy Bell System) 
also tends to distort the current 

wave shape and to limit the length of operating line section between repeater points. 

As indicated in Fig. 5, the relay operating points occur on a current curve between 
points of transition. The change from the spacing to the marking condition is designated 
space-to-mark (S-M) transition, and the change from the marking to the spacing condition 
is designated mark-to-space (M-S) transition. At the sending end of a telegraph circuit, 
the S-M transition takes place when the key is closed, and the M-S transition occurs when 
the key is opened. 

There is a certain time delay from the closing of the sending key to the operation of the 
receiving relay and from the opening of the key to the release of the relay. In the first 
case, this delay is designated space-to-mark transition delay (S-MTD) and in the second 
case, this delay is designated mark-to-space transition delay (M-STD), as shown in Fig. 8b. 

In Fig. 8a the line capacitance is represented by the dotted condenser path to ground. 
When the sending key is closed, this capacitance is charged by current flowing over the 
line from the sending station, and the current is retarded in building up to its full value 
by the inductance in the circuit, as indicated by the sloping wave shape in Fig. 8b. The 
current which flows continuously in the biasing winding of the receiving relay produces a 
constant magnetic field tending to hold, in this particular circuit, the receiving relay 
armature against its spacing contact. When a marking signal current is received, the 
stronger opposing magnetic field set up by the larger marking current in the operating 
winding of the receiving relay causes the relay armature to move to its marking contact. 

Although the operating points of a relay depend upon its design and adjustments, 
it may be assumed, for the purposes of this discussion, that the relays in Fig. 8a will 
operate on 33 and release on 27 ma of direct current, or plus and minus 3 ma from the 
30 ma of biasing current, as shown in Fig. 8b. When the operating current increases to 
30 ma, the effective operating current in the receiving relay is then zero, but when it 
reaches 33 ma, operation occurs and continues until the line current, decaying on open 
circuit, decreases to 27 ma, when the relay releases. 

The S-MTD period is the time it takes for the operating current to increase from zero 
to 33 ma, and the M-STD period is the time it takes for the current to decay from its max- 
imum value of 60 ma to the release value of 27 ma. These periods vary from a fraction 
of a millisecond (ms) to several milliseconds, being determined, for a given circuit and 
adjustments, solely by the circuit characteristics. For a given circuit and operating condi- 
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tions, each transition delay (S-MTD) will be the same for repeated signals, and the same 
holds true for each delay (M-STD), but the S-MTD delays may not be equal to the M-STD. 
delays. : 

Each mark, of whatever length, begins with an S-M transition and ends with an M-S 
transition. The S-MTD period reduces and the M-STD period increases the effective 
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length of the mark, so that, if these two delay periods are equal, the length of the mark 
will not be changed by transmission over the circuit. Each space, of whatever length, 
begins with an M-S transition and ends with an S-M transition. The M-STD period 
reduces and the S-MTD period increases the length of the space, so that, if these two 
delay periods are equal, the length of the space will not be changed by transmission over 
the circuit. The transmission of signals is considered perfect if the received effective 
marks and spaces are exactly the same length as the sent marks and spaces. 

POLAR OPERATION. Wave shapes in polar telegraph systems are affected by circuit 
inductance, capacitance, and leakage somewhat as in neutral telegraph systems. Figure 9 
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Fie. 9, Simplified One-way Polar Telegraph Circuit (Courtesy Bell System) 


shows a simple one-way polar telegraph circuit, arranged to send —130 and +130 volt 
impulses from the central office (sending point) to an outlying receiving point, having 
series line resistance and capacitance between the line and ground. 

Assuming that the sending-end connections are adjusted to provide normally steady- 
state line currents of +35 ma (marking) and —35 ma (spacing), as shown in Fig. 10, the 
line capacitance to ground will delay the change of line current from spacing to marking 
(S-M transition) and from marking to spacing (M-S transition). 
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The M-S and S-M wave shapes (Fig. 10) are identical in form and symmetrically located 
about the zero line, and the S-MTD and M-STD are equal. Thus, since the sending end 
potentials are equal and of opposite 


sign, since the circuit resistance re- 40 Ke 
mains constant for both positions 30 M-STD 
of the sending relay armature, and [om 
since the operating points of the g 20 
receiving relay are symmetrically & apne 
located at about the middle of the & 1° / 
wave shapes, the received polar = 0 
signals are unbiased. é 
TELETYPEWRITER AND @ 10 Fimitlnte 
TELEPRINTER OPERATION. In §_, 2 tia 
teletypewriter or teleprinter opera- 6 
tion, there are five equallengthim-  —39 S-MTD 
pulses, each of which may be nega- 5 ms 
tive (mark) or positive (space), in ~40 10 20 30 40 50 60 


accordance with the code of signals 
(Fig. 2) for this type of operation. 
These five impulses represent the 
character to be transmitted. Two 
additional impulses are sent with each character, one starting and one stopping the 
machines. 

If a series of impulses, representing, for example, the letter D, are plotted with time as 
the horizontal axis, as shown in Fig. 11, it will be noted that the wave shape, in the upper 
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left-hand corner of the figure, which is impressed on the line at the transmitting end of 
the circuit, has “square’’ corners. However, if such a wave is analyzed, it will be found to 
contain an infinite number of component frequencies, all of which, in practice, cannot and 
need not be transmitted to the receiving terminal. 

Though a very simple receiving device might be used, if all the components could be 
faithfully transmitted over a circuit, such a circuit could not be economically provided. 
Also, with an ideal receiving device, it would only be necessary to transmit a maximum 
frequency equivalent to that which considers the duration of each unit signal element of 
the code as 1/2 cycle (1 cycle would be the time involved from the end of element 1 to the 
end of element 3 of the square wave in the upper left-hand corner of Fig. 11). This con- 
dition is closely approached for long submarine cable telegraph systems, where the high 
conductor cost warrants expensive terminal equipment for reasons of efficiency and 
economy. However, for land line teletypewriter commercial use, neither expensive cir- 
cuits nor elaborate terminal arrangements are justified, and the facilities and equipment 
that are provided represent a compromise on a cost balance basis. 

For good telegraph transmission with comparatively simple equipment, it is desirable 
that the received signal contain a substantial part of the second and third harmonics of 
the frequency of the unit signal element. For 60-speed teletypewriter signals, the shortest 
signal element is 0.022 sec, which is equivalent to 1/2 cycle. The fundamental frequency 
at this speed then would be 1/(0.022 * 2) = 22.73 cycles per second, the third harmonic of 
which would be about 68.2 cycles per second. 

If one teletypewriter character is continuously repeated at 60-speed, the signal wave 
(there being one per character) repeats itself about 6.1 times per second, so that, for the 
purpose of discussing the signal components in teletypewriter operation, the wave may be 
considered as composed of a d-c component and harmonics of a fundamental frequency 
of 6.1 cycles, rather than harmonics of the signal element frequency. Thus, in Fig. 11. 
the left-hand column shows several of the more important harmonic components of the 
D signal, their relative magnitudes and phase relationships, the first harmonic (curve 6) 
being shown as a sine wave of the same time period as the overall signal; the right-hand 
column shows the combined resultant of the d-c component and the overall signal har- 
monics, added successively, as indicated. 

Since the fundamental signal element frequency for 60-speed operation was shown previ- 
ously to be 22.7 cycles per second, theoretically the character D could be interpreted correctly 
by an ideal receiving device if components, in correct phase relation, up to and including 
the fourth harmonic of the overall signal (curve o in right-hand column) were received. 

In practice, overall signal harmonics up to about the tenth (corresponding to about the 
third harmonic of the signal element frequency) are transmitted, which gives a signal wave 
similar to curve r and which resembles somewhat the square-corner wave in Fig. 11. 

CARRIER TELEGRAPH. Carrier telegraph systems employ modulated alternating 
currents of different frequency bands. The voice-frequency (low-frequency) system uti- 
lizes the band of 255 to 3145 cycles 
for 18 channels of 170 cycles per 
channel. The modulated output of 
this system may be impressed, if 
desired, on broad-band telephone 
carrier or radio channels of higher- 
frequency bands, making use of such 
channels for telegraph rather than 
for telephone service. The high- 
frequency system for telegraph was 
the first one developed. It is for 
open-wire facilities and operates in 
three different frequency assign- 
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Fie. 12. D-ce Modulation of Carrier Currents—Tele- : nS carey described, the basic 

graph Carrier Systems (Courtesy Bell System) signal element is a square wave pro- 

: ee ; duced by making and breaking a d-c 
sending circuit or by applying opposite potentials (one at a time) to the transmitting de- 
vice. Generally, the carrier wave is supplied continuously to the transmitting device and 
is interrupted (modulated) in accordance with the d-c signals being produced by the local 
sending circuit and impressed on the carrier wave at this device. Figure 12 shows the 
impressed telegraph current (polar operation), the unmodulated carrier current, and the 
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modulated carrier wave. The received segments of carrier current signal are rectified in 
the demodulator circuit, and the resulting unidirectional plate current pulses act on a re- 
ceiving d-c relay. These received d-c current signals, being similar in pattern to the sent 
d-c signals, actuate the receiving relay in accordance with the sent signal. 

Since the sending d-c signal contains, for practical reasons, up to about the third har- 
monic, which at 60-speed operation is about 70 cycles, both carrier sidebands transmitted 
will also contain this band width, or, for both bands at this speed, the frequency spread 
ee be about 140 cycles. For higher or lower speeds, this spread would be greater or 
ess. 


5. DISTORTION 


Au ideal (perfect) telegraph circuit reproduces telegraph signals at the receiving end 
exactly as they are impressed at the sending end, with respect to length, but not necessarily 
amplitude, of the component marks and spaces. The time of travel of the signal over a 
circuit is usually not important, even though such time exceeds the duration of a unit 
signal element. 

. Distortion in telegraph transmission is thus determined by comparing the length and 
relative arrangement of the signal elements as sent with the length and relative arrange- 
ment of such elements as finally delivered by the receiving device. 

The overall or total resultant distortion of signals, for a given telegraph circuit, consists 
of two principal types of distortion, namely systematic and fortuitous, which result from 
a number of different causes and require different treatments in design and maintenance 
work in order to meet service requirements. 

Assume that a given telegraph character is sent continuously over a telegraph circuit 
and that each repetition of the character is considered perfect as sent. Measurements of 
the distortion of each of the unit marks (elements) in a large number of successive repeti- 
tions of the character at the receiving end will generally indicate that the distortion differs 
(1) from element to element in a given repetition of the character and (2) from character 
to character for a particular element in the character. The average of a large number of 
distortions for a particular element is designated as systematic distortion. The individual 
departure of the distortion from the average for a given measured distortion is designated 
as fortuitous distortion. The total distortion of each signal element is the algebraic sum 
of the systematic and fortuitous 


distortions and is the amount of 
deviation between the sent and 
received signals. 

Figure 13 illustrates roughly 
for 10 repetitions (not enough for 
a good average in actual cases) 
the distortion which may affect a 
marking signal of unit duration 
as received. The average length 
of received signal is shown to be 
90 per cent of the sent signal, 
resulting in a —10 per cent sys- 
tematic distortion which applies 
to all the repetitions. The de- 
parture of the individual distor- 
tions from the average varies 
between repetitions, as shown in 
the right-hand column, and in 
the left-hand column the result- 
ant distortion is indicated. 

Systematic distortion may be 
divided into two component dis- 
tortions, bias and characteristic, 
for the purpose of analyzing and 
treating the causes of this type of 
distortion. The nature of these 
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components may be explained by assuming a telegraph system in which marks and spaces 
are sent by means of currents equal in magnitude but of either positive and negative or 
negative and positive sign, respectively, as desired. 

Bias Distortion. Assume that the systematic distortion, as measured, is due to a higher 
positive than negative sending-end potential, and that this fact results in lengthening 
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the marks when positive current is used for transmitting marks, and in shortening the 
marks when negative current is used for transmitting marks. Then, interchanging the 
functions of the two current conditions employed changes the sign of the systematic 
distortion but not its magnitude and is called bias distortion, indicating a lack of sym- 
metry in the circuit. 

A marking bias is called a positive bias, and a spacing bias is called a negative bias; and, 
since the lengths of the marks and spaces may be indicated in milliseconds (ms), the amount 
of bias may also be indicated in milliseconds by the formula (M-STD) — (S-MTD) = 
ms bias, the first two terms being 
mark-to-space transition delay and 
space-to-mark transition delay, re- 
spectively, and the sign of the result 
(using this formula) being the sign of 
the bias. Thus, for a given circuit, 
if M-STD = 6 ms and S-MTD = 3 
ms, the milliseconds bias is +3, in- 
dicating that every mark, regardless 
of length, will be increased 3 ms, and 
every space, regardless of length, 
will be decreased 3 ms. 

Though a given ms bias condition 
is due to such factors as unequal 
marking and spacing line currents, 
ground potentials, and improper 
biased relay adjustments, this con- 
dition will remain constant for the 
transmission of signal reversals (but not random signals) irrespective of the speed of 
transmission. However, the effect of a given ms bias condition on transmission does vary 
with the length of the transmitted marks and spaces. For example, in a manual telegraph 
circuit the dashes (long marks) are about 3 times the length of the dots (short marks), 
and both dashes and dots decrease proportionately in length with increase in speed of 
transmission. Assuming first a slow speed, where the dots are 30 ms long.and the dashes 
are 90 ms long, a ms bias of +10 will lengthen the dots and dashes to 40 ms and 100 ms, 
respectively, the ratio of dash to dot length still being 2.5 to 1. However, if, owing to 
an increase in speed, the dots and dashes are shortened to 5 ms and 15 ms, respectively, 
the same +10 ms bias would result in dots 15 ms in length and dashes 25 ms in length. 
The ratio of dash-to-dot length would then be about 1.7 to 1, and greater difficulty would 
be experienced in reading the signals than for the usual ratio of 2.5 or 3 to 1. 

Figures 14a and b show the effects on signal length of relay biasing current and line cur- 
rent variations. In the first figure, 
the line current is held constant at S 
60 ma, while the normal biasing cur- 
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Fig. 14a. Effect of Relay Biasing Current on Signal 
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Characteristic distortion results 


Fic. 146. Effect of Line Current Magnitude on Signal 


Length (Courtesy Bell System) 


from various causes, which are usually different from those associated with bias distortion. 
Assume a telegraph system, in which the sending battery potentials are equal and oppo- 
site in sign and in which the marks and spaces are formed by corresponding currents, 
equal but opposite in sign. Also, assume that, owing to the characteristics of the given 
system, the current is slow in building up to the normal mark or space value. If the cur- 
rent does not have time to reach its final value on the short signal elements, the first 
mark following a long space may be shortened. Under this condition, it is obvious that 
interchanging the functions of the positive and negative current will not alter either the 
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sign or the magnitude of the resulting distortion, and the distortion is called characteristic 
distortion, indicating it is a function of the signal combination and fixed characteristics 
of the system, which causes 
remnants from a given signal 
element to affect succeeding 
elements. 

Depending on the speed of 
operation, telegraph signals 
are frequently of insufficient 
duration to permit the line 
current for a given signal to 
change from one steady state 
to the other, i.e., from a maxi- 
mum positive to a maximum estate 
negative line current, or vice —30 S-M }ransition 
versa. In such eases, the 
transition M-S or S-M will 10 20 30 40 50 60 70 
‘occur while the current is Time in milliseconds 
changing, and this is desig- A 
nated as a changing-current 40 
M-S or S-M transition, both 80 
of which are shown in Fig. 15. 
It will be noted that, for this 
particular polar telegraph 
system, the time for the line 
current to change from one 
steady-state condition to the 
other is 33 ms, whereas the aie 
duration of the marking or Mtr oreo 
spacing signal is only 22 ms. 

The net effect on the signal 


S-M_ transition 
is to shorten it 2 ms, since the | 


transition delay at the start 4° 30 40 50 60 
of the signal isf10 ms (sub- Time in milliseconds 

tracts from the signal length) 

and at the end of the signalis yg, 15. Changing Current Transitions (Courtesy Bell System) 
only 8 ms (adds to the signal 

length). The total current change in either transition is 28 ma (+25 to —3 or —25 to 
+3); but, if the transmitted signal had been longer than 22 ms, the line current would 
have exceeded plus or minus 25 ma and at the end of the signal the transition delay 
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Fig. 16. Characteristic Distortion Effects on Signal Lengths at 40, 60, and 75 Speed Operation (Cour- 
tesy bell System) 


would have been greater, up to the limiting delay, resulting from the line current in- 
creasing, up to its steady-state value. 

Also, if the transmitted signal had been less than 22 ms long, the line current would not 
have built up to 25 ma by the time the signal ended, and the transition delay at the end 
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of the signal would have been less than for 22 ms. Figure 16 shows characteristic distor- 
tion effects on marking signal length at 40, 60, and 75 teletypewriter operating speeds. 
The time required for the line current to change from its maximum negative to positive 
value, and vice versa, is 33 ms, and the marking signals are 33 ms, 22 ms, and 18 ms long, 
respectively. Changing current transitions take place for all except the 33 ms signal 
(40 speed), for which the steady-state current values are just attained. It will be noted 
that the S-MTD values are the same (10 ms) for all signal lengths, but the M-STD values 
decrease with decreasing signal length. For similar spacing signal lengths, the M-STD 
values would be the same (10 ms), while the S-MTD values would decrease with decreas- 
ing signal length. 

The amount of a changing current transition delay is thus dependent on the line current 
value at the start of the transition, and this line current value depends on the signal length 
or speed of transmission. The lengths of the received signals are obviously affected by 
these changing current transitions, and the magnitude of the effect is inversely propor- 
tional to the length of the sent signals. Since received short signals are shortened by this 
effect, the distortion is known as negative characteristic distortion. An opposite effect is 
possible, though not common, and may result, if the line current increases momentarily 
at the end of each transition to a value exceeding the steady state, owing to circuit charac- 
teristics and transient effects. This effect would tend to lengthen the received mark or 
space signal and would be known as positive characteristic distortion. 

Some of the principal differences between bias and characteristic distortion are given in 
Table 1. 


Table 1. Differences between Bias and Characteristic Distortion 


Type of Distortion 
Type of Distortion Is Affected by = 


Bias, ms Characteristic 
Ei ensthiot susnealioes er Ae ee ee SS ee No Yes 
2. For a given length of signal, whether the signal is marking | Yes No 
or spacing. 
3. Amount and arrangement of the circuit capacitance, induct- | No, except in neu- | Yes 
ance, and resistance. tral operation 
4, Unequal marking and spacing line currents. Yes No 
Change in line current. 
Change in receiving relay biasing current. 
Ground potential difference between sending and receiving 
end. 
53 Speed of transmission}. <ts2. Ho, hb eee leit trick ater Benes No Yes 
6. Usual operating variations, occurring frequently throughout | Yes Not appreciably 
the day, such as voltage fluctuations and relays requiring 
adjustments. 


Measurements of systematic distortion, in practice, will usually indicate that both bias 
and characteristic distortion are present, or the total measured distortion with the circuit 
normal is: 

S1 (Total distortion, circuit normal) = C (characteristic) + B (bias) 


and the total measured distortion with the reversed condition is: 
S2 (Total distortion, circuit reversed) = C (characteristic) — B (bias) 


The characteristic component is (S; + S:)/2, and the bias component is (S; — S:)/2. 

Referring to Fig. 17, assume that a repeated signal is being sent over a given circuit, 
consisting of a marking element 1 unit long and a spacing element 3 units long. If no 
distortion exists, this signal will be received exactly as sent. However, when measured. 
with the circuit normal, the unit mark is found to be 15 per cent too long, as shown at A- 
If a measurement is now taken with the line conditions for marking and spacing reversed, 
this unit mark is found to be 5 per cent too long, as shown at B. By formula, the char- 
acteristic distortion C is 10 per cent, and the bias distortion B is 5 per cent, both with 
signs positive or marking. If, with the line conditions reversed, the unit mark was found 
to be 5 per cent too short, as shown at B’, the characteristic component of the 15 per cent 
marking distortion (shown at A) would be 5 per cent and the bias component 10 per cent, 
both positive or marking. 

In practice, systematic distortion is usually determined, with the same methods as above, 
by measuring a repeated signal consisting of a short marking signal followed by a long 
spacing signal for the normal condition and then a repeated signal consisting of a short 
spacing signal followed by a long marking signal for the reversed condition. 
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Though the sign of the final value of characteristic distortion, as computed, is not 
important, the sign for bias distortion is always important and is indicated. 

Fortuitious distortion is caused by such factors as crossfire, power induction, momentary 
battery fluctuations, line hits, break key operation, and similar effects. This type of dis- 
tortion acts to alter the received signals by various amounts in an irregular manner. In 
transmitting miscellaneous signals, the combined effect of all distortion on the displacement 
of received transitions may result in 
signals, sometimes called ‘‘jitter,” 
because of their rapid variations, or 
the effect may cause a complete 
breakdown in signal transmission. 

Total distortion, for any given tele- A 
graph circuit, is usually a combination 
of tts bias, characteristic, and fortu- 
atous components, and the total distor- 
tion determines the quality of telegraph 
transmission. However, for reasons B 
of design and maintenance, it is usu- 
ally desirable to determine also the 
value of these components. 

_ Telegraph distortion is usually =5% distortion with circuit _, 
gwen as a percentage of a perfect sig- , conditions interchanged=S, 
nal element of unit length. For man- ® FAP Road ikon. EWU PAG iden Sa he wT 
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dots per second, and their duration Bingeete? oe ee 
(taking into account the dot length TS 2 
interval between each two dots) is For Aand B: ! 

= 
about 40 ms. For 60-speed tele- Characteristic distortion=—5 = = ES ra 
typewriter transmission, the signal- ; SioSh = sla (=5) 310% 
ing rate is equivalent to about 22.7 Bias= Sy 


dots per second, and the duration Of Fig! 17, Characteristic and Bias Distortion * (Courtesy 
the unit signal element, in this case, Bell System) 


is 22 ms. 

TELETYPEWRITER DISTORTION. Distortion as tt affects start-stop teletypewriter 
signals must be considered in a somewhat different manner from that for other types of 
telegraph systems, because teletypewriter system operation differs fundamentally from 
the operation of other systems. Each teletypewriter operation (the transmission of a 
character), as previously described in this section, is initiated by the mark-to-space transi- 
tion at the beginning of the start pulse of the received character. Jt 7s important that 
each of the succeeding transitions in the character be correctly timed with respect to the first 
transition. Distortion causes the displacing of succeeding transitions from their normal 
positions with respect to the start transition and thus reduces the margin of operation of 
the teletypewriter. 

Bias distortion usually affects both the beginnings and ends of the received signal 
elements. However, the teletypewriter receiving mechanism starts on a mark-to-space 
transition (for each character received), and this transition is also affected by the same 
bias, so that succeeding mark-to-space transitions in the character will not be displaced 
with respect to the start transition, owing to bias. The space-to-mark transitions will be 
displaced with respect to the start transition by an amount equal to the total bias. With 
marking bias, all space-to-mark transitions will be uniformly displaced toward the start 
transition, whereas with spacing bias they will be uniformly displaced away from the start 
transition. 

Characteristic distortion may displace both the received space-to-mark and mark-to- 
space transitions with respect to the start transition, depending on the signal combina- 
tion, and recurs for the same signal combination. It may affect both ends of the teletype- 
writer orientation range, and when miscellaneous characters are received a distinction 
cannot be made between the characteristic and fortuitous components of the distortion. 

Fortuitious distortion displaces miscellaneous received transitions by various amounts 
in a random manner, regardless of the signal combination. These effects may result in 
errors in received characters or, if severe, in complete circuit failure. 

The total distortion is the displacement of a received transition from its correct time of 
occurrence, and it is equal to the algebraic sum of the fortuitous distortion and the systematic 
distortion. The total distortion determines the margin of operation of the receiving tele- 
typewriter, and it is a measure of the transmission quality of the received signals 
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In teletypewriter operation, not only signal distortion takes place during transmission, 
but also mechanical variations occur in the teletypewriter mechanisms which affect the qual- 
ity of signal transmission. The mechanical operation of the teletypewriter is described 
briefly in article 7 of this section, but, for the purpose of discussing distortion as it affects 
teletypewriter operation, some of the mechanical features of the teletypewriter must be 
referred to in this article. 

Figure 18 shows some of the principal mechanical units of the selecting arrangement of 
a teletypewriter which determines the instant, in the duration of a given received signal 
element, when the actual selection takes place. For example, if the signal element being 
received is marking, the selection must be made at some instant during the time this 
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particular element is being received, in order that the code bar, corresponding to this 
selection, will be properly positioned and the character of which this element is a part 
will be correctly recorded. 

The selecting mechanism includes: (1) the line magnet, which is operated by marks 
and non-operated by spaces; (2) the armature and armature extension, which are held in 
the position shown during marking and are released to the dotted position during spacing; 
(3) the stop latch, which stops the locking cam rotation after each revolution; (4) the 
locking lever, whose point B, during rotation of the locking cam, engages one side or the 
other of the end of the armature extension, depending on the position of the extension, 
thereby locking the extension momentarily, which results in the code bars being properly 
positioned; and (5) the locking cam, which is driven by a friction clutch and which, in a 
single revolution, causes the locking lever to be positioned five times, once for each of the 
five signal elements received, during the transmission of one character. 

In the idle condition, the received signal is always marking and the magnet is energized, 
but the selector cam assembly is held stationary by the stop latch until the start pulse 
(always spacing) is received, when the stop latch is released and the cam starts rotating. 
The speed of rotation and the starting position of the selector cam assembly are normally 
so adjusted that the first depression on the locking cam (point A) will arrive at the locking 
lever point (which rides the cam) at about the instant the middle of the first selecting signal 
element is being received. At this instant the locking lever point (riding the cam) moves 
into the cam depression, and the lever point B moves forward to lock the armature and 
its extension in one of the two positions they may occupy at that instant. The position 
of the armature extension determines which of the two line conditions, marking or spac- 
ing, will be recorded for the signal element being received, and the position of the cor- 
responding code bar. As the cam rotates, a similar selection takes place as the locking 
lever enters each of the five depressions on the cam and the corresponding code bars are 
positioned in succession. The final arrangement of the five code bars results in the selec- 
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tion of one and one only type bar, which, when actuated immediately after completion of 
one revolution of the locking cam, prints the sent character on paper. The final pulse of 
the train of signal elements (for each character received) is always marking and somewhat 
longer (1.42 units) than the preceding six elements (1.0 unit each). During this pulse, the 
stop arm on the receiving selector cam assembly strikes the stop latch, and the assembly 
is then held stationary until the next start pulse is received for the next character. 

When a start pulse is received, a small increment of time will elapse before the selector 
cam assembly attains full speed, owing to such factors as the inertia of moving parts and 
clutch slippage. This delay is compensated for by slightly decreasing the distance between 
the point at which the locking lever rests on the locking cam, and point A on the cam, from 
what the distance would be if these factors were not present. This adjustment is repre- 
sented by the distance xz, as shown on the cam surface in Fig. 18. 

The teletypewriter is usually equipped with an orientation or range finder device, which 
permits rotating the stop latch with respect to the locking lever, thus changing the time 
of selection with respect to the start signal. The range finder moves the stop position 
either forward or backward and has a pointer which moves along a scale, the scale being 
calibrated in percentage (0 to 120) of a unit signal element. Jf the pointer is moved toward 
the lower-numbered part of the scale, the time between the start and selecting points is reduced 
and the time of selection is advanced toward the beginning of each selecting element. 
If the pointer is moved toward the higher-numbered part of the scale, the time between the start 
and selection is lengthened and the time of selection is moved toward the end of each select- 
ing element. For an ideal teletypewriter, whose mechanism acted instantly and selected 
exactly the corresponding instant of each signal element, the range finder could be moved 
over a range of 100 per cent, if perfect signals were received, without causing errors in the 
received signals, as shown by (a) in Fig. 18. Moving the range finder, in effect, shifts the 
solid vertical lines with respect to the signal elements, and for (a) the time of selection 
could be changed, without error, by +50 per cent. Practically, teletypewriter specifica- 
tions require the overall range to be at least 72 per cent without error for perfect signals. 

Distortion in teletypewriter signals, as previously stated, is usually some combination 
of bias, characteristic, and fortuitous distortion. Theoretically, if bias exceeds 50 per cent 
in (c) and (e) of Fig. 18, errors will result in the recorded signal, but, from a practical 
standpoint, the bias tolerance is of the order of +40 per cent with perfect received signals 
because of allowances that must be made for other variations. 

Internal bias may exist in a teletypewriter as the result of such factors as improper 
adjustment of the line relay or receiving magnet. This bias reduces the orientation margin 
more when receiving perfect signals than when receiving signals with a bias equal in 
magnitude but opposite in sign. In order to minimize this bias effect, the range finder 
should be set at the point where signals having equal marking and spacing bias just cause 
errors. 

The effect of shortening the start pulse by 25 per cent, (f) in Fig. 18, is equivalent to 
lengthening the stop pulse and retarding the points of selection for the succeeding signal 
elements by the same amount. The effect of shortening the end of the stop pulse by 25 
per cent (g) is equivalent to advancing the points of selection for the succeeding signal 
elements by the same amount. The effect of advancing the beginning of element 1 and 
of retarding the beginning of element 3 and the ending of element 4, as shown by (A), will 
not result in errors in the received character if the range finder is set at its midpoint. The 
effect of speed variations where the sending machine is faster than the receiving machine is 
illustrated by (7), and where the reverse is true is shown by (j). The most probable error, 
in both cases, would be in the proper selection of element 5, since, in the first condition, 
part of the stop pulse is received on the 5 position, and, in the second condition, either 
element 4 is extended into position 5 or element 5 is so delayed in starting that it would 
not be properly received in its normal position. The effect on teletypewriter margin of 
speed variation is mostly at one end or the other of the orientation range, depending on 
the relative speeds of the sending and receiving machines. Though the speed differences 
in Fig. 18 are shown large for purposes of illustration, actually these differences are nor- 
mally about 1/2 per cent or less. 

The orientation range limits are determined by the various distortions present for a 
given teletypewriter circuit. It is not possible to judge these distortions quantitatively 
by the limits obtained when more than one type of distortion exists. However, assuming 
low machine bias, these limits do give a good indication of the quality of the received 
signals. If the limits are reasonably definite, some fixed distortion, such as bias or speed 
difference, is generally present, while, if there is a certain range at each limit over which 
certain characters are consistently in error, characteristic distortion is indicated. If there 
is a range over which errors occur, but not consistently on certain characters, fortuitous 
distortion is most likely present. 
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TELEGRAPH SYSTEMS 


By John D. Taylor 


Telegraph systems employ various types of telegraph equipment and connecting 
mediums and various methods of transmission. Direct-current telegraph systems are 
used extensively in land wire operation and in conjunction with radio channels, while 
low- and high-frequency carrier telegraph systems utilize both land wire lines and radio 
channels as mediums of transmission. Radio telegraph systems make use of radio channels 
between radio transmitting and receiving equipments and usually wire lire extensions 
between such equipments and the telegraph circuit terminals. 


6. DIRECT-CURRENT SYSTEMS 


Open-wire telegraph channels are generally obtained by using bare telegraph wires. 
They may also be provided by simplexing or compositing open-wire telephone circuits, as 
shown in Figs. 1 and 2, 
respectively. 


Siete The simplex arrange- 

AGS, ment is shown in Fig. 1. 
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telegraph line currents, 
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to Station B telegraph 

equipment. This equal division of the current is possible only if the two halves of the line 

side of each coil are identical electrically and the two line wires have identical electrical 

characteristics. To the extent that these conditions are not met, the current will not 

divide or combine equally at the coils and a residual induced current will flow in the drop 

windings of the repeating coils, causing interference (Morse thump) in the telephone cir- 
cuit. In practice, Morse thump becomes objectionable only when faults occur. 
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The composite arrangement is shown in Fig. 2. One grounded telegraph channel is 
obtained from each line wire of the telephone circuit by connecting composite sets at each 
terminal of the circuit in such a manner as to maintain the balance of the circuit and 


DIRECT-CURRENT SYSTEMS 18-19 


avoid excessive telegraph current flow in the 


line and drop windings of the repeating coils, os 5 x 
which current would cause Morse thump. The as 5> 23 
equipment on the two sides of the circuit must $y Se 2G 
be well balanced and the line wires must be ELE B le a8 
closely identical electrically to prevent tele- i 8 a's et 


graph signals from interfering with the tele- 
phone service. With this arrangement each 
telegraph channel is independent of the other 
and is usually so operated. 

The composite set has a retard coil in series 
with the telegraph leg and capacitance between 
the leg and ground to prevent sudden changes 
in signal current value being impressed on the 
line wires and causing current surges (clicks) in 
the telephone circuit. Also, the series condens- 
ers in the telephone circuit prevent direct cur- 
rent from reaching the repeating coils and 
assist in reducing clicks, while the retard coil- 
condenser bridge on the drop side of the series 
condensers functions to prevent crossfire, a con- 
dition where the telegraph signals on one wire 
of the circuit induce potentials on the other wire 
that interfere with the telegraph signals over it. 

A schematic diagram of a neutral telegraph 
circuit is shown in one form in Fig. 6a, article 4. 
This circuit operates with current flowing in 
either direction for the marking condition and 
no current flowing for the spacing condition. 
Both sending and receiving relays usually 
operate local sounder circuits, which produce 
the recognized audible dots and dashes of the 
Morse or Continental telegraph codes by the 
armature of the sounder striking its front and 
back contacts, corresponding to the marking 
and spacing conditions. Neutral telegraph 
operation is also employed in teletypewriter 
and teleprinter service on many of the shorter 
circuits. 

The receiving station may break the circuit 
(stop the transmission of signals) by opening 
the sending key, which silences both sending 
and receiving sounders and indicates to the 
sending station that the receiving station de- 
sires to send signals. 

A number of intermediate stations may be 
connected in series in the single wire line, the 
number depending on the sensitivity of the line 
relays, the battery voltages applied, and line 
conditions, such as resistance and leakage. 

The single line repeater, a schematic dia- 
gram of which is shown in Fig. 3, may be 
employed over long single wire circuits. This 
repeater functions to receive weak signals from 
the line from either direction and repeat them 
with normal voltage to the line in the other 
direction. The signal transmission circuit 
through the repeater is shown by heavy lines. 
Operation of the west station key causes relay A 
to repeat signals to the east circuit, and operation 
of the east station key causes relay A’ to repeat 
signals to the west circwit. 

Opening either station key interrupts current 
flow in both east ana west lines, and, unless aux- 
iliary circuits were provided in the repeater, 
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both circuits would open and remain open, and the system would be inoperative. To 
prevent this condition, a biasing and a locking circuit are provided (see Fig. 3) for each 
direction of transmission. Each biasing circuit operates the armatures of the line and 
control relays, with which it is associated, to spacing, when the circuit through the line 
windings of these relays is opened during the transmission of signals. However, the lock- 
ing circuit is so designed that, for east-to-west transmission with the east circuit open, the 
biasing current reverses direction in the biasing windings of the line west relays and the 
armatures of these relays are held on marking, thus maintaining the east circuit closed at 
the repeater, regardless of the position of the east station key. The locking circuit func- 
tions oppositely for west-to-east trunsmission. 

A break feature (see Fig. 3) is provided, so that the receiving station may interrupt the 
sending station, as desired, by opening the receiving-station key. 

The one-way polar telegraph circuit, shown in Fig. 9, article 4, usually employs —130 
volts for marking and +130 volts for spacing signals to a distant polar receiving relay. 
This circuit operates from the central office to an outlying point and is used in certain 
cases where a one-way service only is required, such as in the transmission of news copy. 

Two-path polar operation consists essentially of two one-way polar circuits operating in 
opposite directions. 

Polarential operation provides for true polar operation from the central office to an 
outlying point and a modified polar operation in the opposite direction. The advantages 
of polar over neutral operation (particularly self-compensation of line leakage) are thus 
obtained with relatively simple equipment arrangements at the outlying point. 

Figure 4 shows a type A polarential telegraph circuit, in which true polar signals are 
transmitted from the central office, and ground and —130 volt battery (in series with a 
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Fie. 4. Type A Polarential Telegraph Circuit (Courtesy Bell System) 


total added resistance of 990 ohms) are applied in transmitting marks and spaces, respec- 
tively, from the outlying point. In this case a repeater is not used at the outlying point, 
as is more commonly done in type A operation. 

During transmission from the central office, the circuit is closed to a direct ground at 
the outlying point through the sending contacts (in this case, the contacts of a teletype- 
writer) while the central-office receiving relay is held on its marking contact by a marking 
biasing current. This current is adjusted to one-half the effective spacing current when 
a spacing signal is being sent from the outlying point. During transmission from the out- 
lying point, the ground, applied for a marking signal, has no effect on the central-office 
receiving relay, provided that the line and artificial line are balanced at the duplex set, 
and this relay is held on its marking contact, while negative battery, applied through the 
resistance for a spacing signal, produces an effective spacing current in the central-office 
relay. This current is the net result of current flowing in the central-office relay windings 
from (1) the outlying-point battery and (2) the central-office battery, due to the duplex 
balance being upset by the 990-ohm resistance in series with the outlying-point battery. 

The variable resistance R at the central office is adjusted so that the spacing line battery 
at the outlying point is higher than the potential applied to the apex of the duplex at the 
central office, thus insuring line current reversal when a spacing signal is transmitted from 
the outlying point and home copy if a teletypewriter is employed. 

Figure 5 shows a simplified type B polarential telegraph circuit, in which true polar 
signals are transmitted from the central office, and ground and +130 volt battery are used 
in transmitting marks and spaces, respectively, from the outlying point. This circuit is 
more nearly self-compensating for line leakage than the type A circuit. 

When transmitting from the outlying point over a dry (no leakage) line, the marking 
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line current does not affect the central-office receiving relay, if the balancing network at 
the central office exactly balances the line electrically. 

For a spacing signal from the outlying point, aiding positive battery, applied to the 
line, results in an effective spacing current E/(R; + R2), where E is the outlying battery 
potential and R; + R, = Ry are as shown in Fig. 5. The marking biasing current in 
the central-office receiving relay is adjusted to a value equal to E/2Rrz. 
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During transmission over a wet line with leakage Rz (shown at P on the line), Ra (at 
the central office) may be adjusted to maintain the potential at the apex of the relay wind- 
ings at the same value as for the dry condition when transmitting a spacing signal from 
the outlying point. Thus, as a result of the compensating effects of the Ra adjustment, 
the received signals at the central office are not affected. If R; is greater than 2R2, com- 
plete leakage compensation is not possible, unless the central-office battery voltages are 
made higher than the outlying battery voltage or other compensation is provided. For 
this purpose, Ry is provided for maintaining R, less than 2Re. 

The bridge arm, with a resistance in series with condenser C, is provided at the outlying 
point to neutralize reverse current surges through the receiving relay winding when the 
outlying sending relay armature moves from space to mark. Such surges would tend to 
cause false breaks (kick off) of the receiving relay and mutilation of the home copy. 

Metallic telegraph circuit operation generally utilizes telegraph cable pairs or open 
wires, or, when telephone facilities are involved, it is customary to composite them to 
secure the necessary telegraph channels. The avoidance of interference between telegraph 
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Fic. 6. Four-wire Metallic Telegraph Circuit (Courtesy Bell System) 


and telephone circuits and of crossfire between telegraph circuits in cables generally re- 
quires that the telegraph current values be comparable to those on the telephone circuits 
and that metallic circuit operation only be employed. Such operation may employ two 
wires or four wires, pairs, side circuits, or phantoms. 

In four-wire operation, as shown in Fig. 6, separate paths are employed for the two 
directions of transmission, and artificial balancing lines are not required, as in two-wire 
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operation. These differences generally improve transmission over that of the two-wire 
arrangement, since balance between the conductors and an artificial line is not a factor. 
Owing to the use of four composited channels, as compared to two such channels for two- 
wire operation, the possibilities for conductor and equipment troubles are greater with 
four-wire operation. In general, four-wire telegraph circuits may be superposed on two- 
~wire telephone circuits of lengths ranging from about 500 to 1000 miles, or on longer four- 
wire telephone circuits. Very long four-wire telegraph circuits are not composited through- 
out their entire length because of prohibitive low-frequency delay distortion introduced by 
the composite sets. 

Duplex systems may be of the earlier bridge type or the later, more commonly used 
differential type. Both these systems employ arrangements of telegraph apparatus for 
terminating telegraph circuits at the central office which permit the simultaneous trans- 
mission of telegraph signals in both directions over a single wire with ground or metallic 
return and without the signals in one direction interfering with those in the opposite 
direction. 

Since bridge polar duplex operation is rapidly being discontinued and is expected to be 
of little interest in the future, its description is omitted from this handbook. However, 
occasional reference is made to it for purposes of comparison in the following paragraphs, 
which relate to differential polar duplex operation. 

Figure 7 shows schematically the differential type set, arranged for full duplex operation. 
The receiving relay has two equal windings, one being connected in the real line and the 
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fie. 7. Terminal Differential Duplex Set Arranged for Full Duplex Service (Courtesy Bell System) 
other differentially in the artificial line circuit. Sending current from the station battery 
divides at the apex of the receiving relay windings and flows equally in the real and in the 
artificial line circuits, assuming these are balanced. Since the receiving relay windings 
are differentially connected, the station receiving relay is not affected by this current flow. 
However, current from a distant station does operate the receiving relay at the home 
station, since it flows through the windings of this relay in a series aiding relation from 
the line through the balanced arms and the artificial line to ground. Similarly, the re- 
ceiving relay operates at the distant station from incoming line current from the home 
station. Under these conditions full duplex operation is attained. 

In the differential-type duplex set, the sending relay has both an operating and a biasing 
winding. With the sending loop key closed, the magnetic fields produced by these two 
windings are opposing, but a resistance F in series with the biasing winding limits its cur- 
rent to about half that in the operating winding and the armature is accordingly held to 
the marking contact (negative). When the loop key is opened, only the biasing winding is 
effective and the armature moves to its spacing contact (positive). 

Duplex systems, employing the ground for one side of the circuit, are affected by varia- 
tions in line constants due to temperature and humidity changes, but the balancing 
artificial lines associated with each duplex set usually may be adjusted to compensate for 
such variations. Duplex systems provide all the advantages of polar operation in both 
directions of transmission, but they also necessitate higher-grade supervision and greater 
maintenance than some of the simpler systems, such as in neutral operation. 

The differential duplex system has largely superseded the older bridge duplex system 
because of several advantages of the differential over the bridge type. The differential 
system includes a simple differential duplex repeater for use at intermediate points on 
long telegraph circuits; in the bridge system, two terminal sets, requiring considerably 
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more equipment, must be used at such points. Intermediate differential repeaters may 
be employed on circuits having bridge polar type sets at their terminals, or bridge polar 
intermediate repeaters may be used on circuits having terminal differential sets at their 
terminals. 

One of the most important advantages of the differential over the bridge system is the 
ability of its polar relays to respond rapidly to signals, particularly at the higher operating 
speeds. These relays, in addition 
to being more sensitive than the —]| 
relays ordinarily used in bridge = 
polar sets, have a special third 
winding which forms part of a 
vibrating circutt and materially 
increases the relay response. The C 
vibrating circuit, shown in Fig. 

8, includes the third winding of 
the receiving relay, whose arma- 
ture is connected to the midpoint 
of the winding. One outer ter- —— HOTT 0009 
minal of this winding is grounded | 
through a condenser, and the ' 
! 
{ 


other outer terminal is grounded pea 06)10) 191000). 0.00) fears ah 
through a resistance. Batteries 
of opposite polarity are connected 
between ground and the relay 
contacts. 

Assuming that no current is flowing in either the line or artificial line windings of the 
receiving relay, the relay armature moves back and forth continually between the two 
contacts. However, with current flowing in the line and artificial line windings in normal 
operation, the armature does not vibrate freely as before, but the vibrating circuit aids in 
speeding up the armature action, as the received line signals cause it to move between its 
marking and spacing contacts. The free speed of vibration is governed by the parameters 
C and R, which are usually adjusted so that the frequency of vibrations is slightly greater 
than the line signal frequency. 

Half duplex operation, which provides for operation in only one direction at a time, 
requires a means for breaking the circuit from either terminal and for utilizing one loop 
for both sending and receiving signals. Wither the bridge- or differential-type system may 
be employed for this service, but each requires a different circuit arrangement of the duplex 
set from that required for full duplex operation. In the bridge-type system, the principal 
additions required are a control relay, holding coil for the pole changing relay, and a re- 
peating sounder; for the differential-type system a control, break, and neutral relay are 
added. The change from full duplex to half duplex, or vice versa, for either system is 
readily accomplished by means of switches provided with the duplex sets. 

Figure 9 shows a schematic diagram of a terminal differential duplex arranged for half 
duplex service. The control relay functions on incoming signals to prevent the sending 
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relay from operating when the loop is opened and closed by the receiving relay. Two 
oppositely poled batteries are connected to the biasing winding of the sending and break 
relays, and the resistances R and 2R are so adjusted that, with the control relay contact 
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closed, the positive (spacing) battery will be in control and the sending relay will operate 
in the same manner as in full duplex operation. 

When signals are being received from the line, a marking signal closes the loop, and 
current flows from the loop through the sending relay operating winding. When a spac- 
ing signal opens the local loop at the receiving relay contacts, no current can flow through 
the sending relay operating winding. However, the control relay also operates in unison 
with the receiving relay (since their windings are in series), opening the positive (spacing) 
battery at its armature contact and permitting negative (marking) battery to take con- 
trol of the sending and break relays through resistance 2R. Thus, the sending relay arma- 
ture is held on its marking contact for either incoming marking or spacing signals. 

If the local operator wishes to break the circuit while incoming signals are being re- 
ceived, the local loop circuit is first opened by opening the sending key. The next spacing 
signal received with the loop open would be ineffective, since the signal would normally 
open the loop at the receiving relay contact. The next marking signal received with the 
loop open would operate the receiving and control relays, and positive (spacing) battery 
would be applied to the biasing windings of the sending and break relays through the con- 
trol relay armature contact and resistance R. Since there is no current flowing through 
the operating windings of the sending and break relays with the loop key open, both relays 
operate to spacing. Positive battery is then applied to the line through the sending relay 
spacing contact, which results in a break signal to the distant operator. 

The break relay functions to insure a continuous break signal to the line as long as the 
local loop key is open, regardless of subsequent signals received from the line. Assuming 
that one of these signals is a spacing signal, the receiving and control relay contacts will 
open, which would permit negative (marking) battery to take control of the sending and 
break relays and marking battery to be applied to the line through the sending relay mark- 
ing contact if a secondary circuit was not provided. Marking battery applied to the line 
would interrupt the break signal. However, positive current is maintained through the 
biasing windings of the sending and break relays as soon as the break relay operates to 
spacing (which it would do on the preceding incoming marking signal), since positive 
battery is then applied through the neutral relay, spacing contact of the break relay, re- 
sistance R, and the biasing windings of the sending and break relays to ground. 

The neutral relay in this secondary circuit functions to prevent the possibility of the 
circuit becoming inoperative owing to the sending and break relays at both terminals 
becoming simultaneously operated to spacing. Under this condition, neither operator 
could regain control of the circuit, since the loop circuits at both terminals would be open 
at the receiving relay contacts. Operation of the neutral relay which occurs when the 
control relay is opened after the break relay is operated to spacing short-circuits the re- 
ceiving relay contacts, so that the sending and break relays will be operated to their mark- 
ing contacts when the associated loop key is closed. 

The upset duplex method of operation between a central office and an outlying point 
employs polar transmission generally from the central office to the outlying point and 
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Fic. 10. The Upset Duplex Method in Telegraph Operation (Courtesy Bell Senter) 


neutral transmission in the opposite direction. Transmission in either direction is affected 
by line leakage, and transmission to the central office is subject, in general, to the same 
limitations as for a neutral circuit employing a single line repeater. Because of polar 
operation in one direction and the application of wave-shaping units at the outlying point 
only, this method offers an improvement in operation over the neutral circuit with a single 
line repeater. 

Figure 10 shows the upset method of operation, employing a duplex set, arranged for 
half duplex operation at the central office and a teletypewriter (neutral operation) at the 
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outlying point. The teletypewriter normally operates on 60 ma of line current in an open 
and close loop circuit, and its line relay requires a spacing biasing current of 30 ma. The 
algebraic sum of the marking and spacing line currents while sending to the outlying 
point must equal 60 ma, in order to meet the requirements for operation under the upset 
method. Also, when receiving at the central office (neglecting the effects of series induct- 
ance and bridged capacitance on the line), the effective spacing current in the receiving 
relay with the outlying point key open must equal the effective marking current in this 
relay with the outlying point key closed. In practice, it is generally necessary to adjust 
these spacing and marking currents in the receiving relay, since the inductance and 
capacitance effects cause unsymmetrical wave shapes and cannot be neglected. 

The duplex repeater is employed at intermediate points in long circuits to maintain 
proper operating currents in duplex telegraph systems. The distance between repeater 
points depends on a number of fixed and variable factors, such as the type of line facilities, 
interference from extraneous sources, line leakage, coordination of transmission levels, 
types and quantities of central-office equipment involved, line operating speeds, and 
maintenance considerations. 
Figure 11 shows schemati- 
cally an intermediate differ- 
ential duplex repeater circuit 
for grounded operation. 

For 60-speed  start-stop 
teletypewriter operation, the 
maximum lengths of single 
composited line sections of 
104 mil and 165 mil copper 
line wire, over which it should 
be practicable to operate 
either the differential duplex = 
Oe two-path polar systems Fig. 11. Schematic of Intermediate Differential Duplex Repeater 
without intermediate repeat- (Courtesy Bell System) 
ers, will be roughly within 
the range of 170 to 300 miles and 250 to 450 miles, respectively. For any given section, 
the maximum length depends on a number of variables, such as the types and quantity 
of terminal and intermediate equipment used, the line conditions, and maintenance 
schedules and type of personnel. 

Where thump, flutter, and crossfire considerations permit, 60-speed differential duplex 
or two-path polar operation is usually feasible in cable over a composited 13 or 16 gage 
wire with crossfire neutralizing networks or over a 19 gage simplexed pair or phantom for 
distances up to about 100 miles. 

The quadruplex system permits four messages, two in each direction, to be transmitted 
simultaneously over a single grounded circuit. One transmission in each direction is 
secured in the same manner as has been previously described under the heading Duplex 
Systems, article 6. These two channels and the associated sending and receiving appa- 
ratus are called the polar side of the quad. The two additional transmissions (one in each 
direction) are obtained by varying the strength irrespective of the direction of the line 
current, and by receiving the signals, thus sent, on a neutral relay, which responds to 
impulses of large amplitude irrespective of polarity but remains unaffected by impulses 
of smaller amplitude. These two channels and the associated equipment are designated 
the neutral or common side of the quad. 

The schematic circuit of the differential quadruplex is shown in Fig. 12. 

Normally a resistance is in series with the pole-changing relay, and a leak to ground is 
connected to the line, to preserve the proper ratio between the marking and spacing cur- 
rent of the common side. When this resistance is short-circuited, and the leak resistance 
removed by the contacts of the transmitting relay, in response to the operation of a send- 
ing key which controls it, the line current is increased to its maximum value. The neutral 
relays in the receiving circuits are adjusted so that they will respond to the stronger 
signaling currents but will be unaffected by the weaker ones. Momentary release of the 
neutral relay at the instant the direction of line current is reversed by operation of the dis- 
tant pole-changing relay # prevented by the discharge of a condenser through a special 
holding winding. 

The normal operating currents in a quadruplex set are 10 to 20 ma for the polar relays 
and 30 to 60 ma for the neutral relays. A ratio of 1:3 or 1: 4 between the spacing and 
marking current is required to insure good operation. ' 

Although employed quite extensively at one time, the quadruplex system is now used 
but little, because it was found impossible to maintain aninterrupted operation of the 
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Fie. 12. Differential Quadruplex Set 


common side during periods when damp weather or other causes lowered the line insula- 
tion sufficiently to reduce the ratio between the operating and non-operating currents. 
The common side of a quad is also more susceptible to interruption by inductive inter- 
ference from adjacent circuits. 
The bridge principle, described under duplex systems, may also be utilized in a quadru- 
plex system. 


7. AUTOMATIC TELEGRAPH SYSTEMS 


Start-stop systems, employing the teletypewriter and teleprinter equipment (similar type 
units of the Bell System and Western Union Co., respectively) for sending and receiving 
telegraph signals, are so named because of the method of operation. This equipment 
usually employs the seven-element code, of which the first element is a start pulse, the 
seventh element is a stop pulse, and the other five elements represent the character. Thus, 
the sending and receiving units are synchronized after each group of seven pulses (ele- 
ments) is received, constituting the transmission of a character. 

Usually, the teletypewriter or teleprinter installation at a subscriber location consists 
of an electromechanical unit, with or without a keyboard resembling that of a standard 
typewriter, and having a typing mechanism for printing received messages on a paper page 
or tape. At receiving-only stations, the sending keyboard is not required. In some cases, 
the subscriber may perforate a tape, using a keyboard-equipped perforator, the perforations 
representing coded characters of the desired message. This tape may at the same time or 
later be passed through a tape transmitter, which, being connected to the line, sends pulses 
over the line corresponding to the characters of the message. Also, incoming code pulses 
may be received by a reperforating machine, which perforates a tape with the five-element 
code representing the received characters. Figure 13 shows a sample of perforated tape. 
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Fre. 13. Teletypewriter Code Perforated in Tape 


The teletypewriter sending unit now in general use consists principally of a keyboard 
with key levers extending over five notched selector bars, and a start-stop mechanism of 
driving and driven shaft, universal bar, cams, eccentrics, levers, and pawls. Figure 14 
shows the general mechanical arrangement of the start-stop mechanism. 

Figure 15 shows the details of the key lever, which, when pressed down, positions the 
selector bar, which, in turn, moves the locking latch head forward or back. This latch will 
either prevent the contact lever from closing the transmitter contacts (latch head forward) or 
permit the contact lever to close these contacts (latch head back), when the associated 
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selector cam depression arrives at the proper projection on the contact lever. Thus, as a key 
lever is depressed to send a particular character, the wniversal bar is moved down, causing 
the mechanism (Fig. 14) to function and the selector cams to start rotating. At the same 
time, the five selector bars and locking latches are positioned by the key lever, and each 


Throw cut cam 
Clutch spring Driven jaw 


Cam sleeve assembly Driving jaw 


Clutch lever eccentric 
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Clutch lever pawl 


Universal bar Selector bar 
Fig. 14. Start-stop Mechanism of Teletypewriter Sending Unit (Courtesy Bell System) 


of the five contact levers is either locked or left unlocked, so that, as the selector cams 
make one revolution, each set of transmitter contacts does not close or does close. If the 
contacts do not close, a spacing signal (no current) is sent over the line, and if the con- 
tacts close a marking signal (current) is sent over the line. 

Release of the key lever after it has been fully depressed causes the driven jaw to be 
thrown out of engagement with the driving jaw upon completion of one revolution of the 
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Fic. 15. Positioning of Transmitter Contacts by Operating Key Lever of Teletypewriter Sending Unit 
(Courtesy Bell System) 


cams, and the rotating movement stops. The mechanism is now ready to send the next. 
character. 

The teletypewriter receiving mechanism now generally employs a single selector magnet 
and a group of six rotating cams, so spaced angularly on a shaft that each cam functions 
at the instant the corresponding signal pulse is being received. 

Figure 16 shows the mechanical arrangement for translating the selector magnet opera- 
tions into the positioning of the code bars. When the open pulse is received, the magnet. 
armature releases. ‘his operates a latch (not shown), allowing the cam shaft to rotate. 
The spacing of the cams on the shaft is such that, as the first of the five pulses of the code 
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signal is being received, the first cam engages the projection on the code bar operating 
lever associated with the first code bar and rotates it slightly in a counterclockwise direc- 
tion. Assuming that the received No. 


Selector magnet 1 pulse is marking, the armature will 

(Yee om = be operated, and the movement of the 
a code bar operating lever will lift the 
sword and cause its upper right-hand 


=I 
projection to strike the right-hand end 
C4 oof the armature extension. The sword 
will then rotate in a clockwise direc- 
tion on its pivot at A, so that, when 
the selector cam clears the code bar 
operating lever and allows the latter’s 
spring to return it to normal, the sword 
Armature extension Hoint will be forced against the left- 
hand projection of the T lever, rotat- 
ing it in a counterclockwise direction 
and moving the No. 1 code bar to the 
right. If the received No. 1 pulse had 
been spacing, this code bar would have 
been moved to the left. 
In like manner, the other four code 
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TTilevar shown in Fig. 17. The five code bars 
have been positioned to the right or 
left in accordance with the five code 
pulses received, which represent a par- 
ticular character. The code bar slots 
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the main bail. This bail is then moved 

forward, causing the pull bar to move forward and the type bar head to be driven against 
the paper or tape in’the teletypewriter. 

After completion of one revolution of the rotating cams, the rotating movement stops, 

owing to action of the stopping mechanism, and the teletypewriter is then ready to re- 
ceive the pulses for the next character. 
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Fie. 17. Teletypewriter Receiving Mechanism, Illustrating Selection of Symbol (Courtesy Bell System) 


Power for mechanically operating both the teletypewriter and the teleprinter is gen- 
erally secured from the 110-volt commercial supply at their location, these machines 
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being equipped with either d-c motors, a-c series motors, or a-c synchronous motors. The 
last type of motor is available for use with 50- or 60-cycle power and is the preferable 
type where the power frequency has the usual close regulation. The power consumption. 
is about 115 watts at 115 volts. 

The line signaling circuit usually requires about 60 to 70 ma of direct current for magnet 
and line relay operation, and the remote control circuit (if provided) about 50 ma. 

The regenerative repeater may be employed (1) at intermediate points in long com- 
mercial or private line teletypewriter circuits, (2) at points where it is desirable to divide 
a teletypewriter circuit into several sections because of possible distortion from a large 
number of sending stations connected to the circuit, and (3) at teletypewriter exchanges 
for switched connections and for furnishing service to subscriber teletypewriter loops 
having a relatively high transmission coefficient. 

Start-stop teletypewriter signals, composed of one start and five signal pulses of equal 
unit length and one stop pulse of 1.42 units length (teleprinter signals are composed of 
seven pulses of equal unit length), are sent from the originating motor-driven distributor 
or other sending device with mechanical precision. However, as these signals progress 
over a telegraph circuit several telegraph repeater sections long, the distortion accumu- 
lates section by section, so that, unless corrected, the distorted signals received at the 
circuit terminal would result in message errors. 

The regenerative repeater located at one or more intermediate points in a long teletype- 
writer circuit, as required, retimes and reshapes the received distorted signal pulses and 
retransmits them, as though they were directly from the originating machine. 

Figure 18 shows a schematic of the circuit for one two-way regenerative repeater 
arranged to repeat signals from east to west or west to east, but not in both directions 
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Fia. 18. Schematic Circuit of the Regenerative Repeater, Arranged for Half-duplex Operation (Cour- 
tesy Bell System) 


simultaneously. For full duplex operation, the circuit requires two one-way regenerative 
repeaters. The loop circuits are arranged to receive and transmit neutral signals from 
the terminal duplex telegraph repeaters between which the regenerative repeater is usu- 
ally connected. Each loop termination contains the line winding of a polar receiving 
relay and the sending contacts of a regenerator unit in series. Each receiving relay arma- 
ture controls a local battery circuit to energize the magnet of the regenerator unit through 
the marking contact. When the receiving relay armature moves to its spacing contact, 
the receiving relay armature in the opposite loop is locked to marking. 

The regeneratcr unit has both sending and holding contacts, the latter being controlled 
by a cam in such a way that they are open only when the cam assembly is near the stop 
position. During retransmission of the signal elements of a complete character, the hold- 
ing contacts, being closed, apply battery of opposite polarity through a potentiometer to 
the receiving relay biasing winding of the loop, into which the signals are being retrans- 
mitted. Reversal of current in this biasing winding holds its armature to marking, thus 
preventing repetition of the retransmitted signal back through the regenerative repeater 
toward the originating terminas. 
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Since the length of the retransmitted signals is timed mechanically by the locking cam, 
the outgoing signal length is normally independent of the incoming signal length. As 
long as that part of the received pulse corresponding in time to the release of the magnet 
armature is not affected by distortion, the outgoing pulse will be undistorted. 5 

The multiplex system, a development of 1915, functions to divide the line facility time 
of a given telegraph channel (between two terminal points) among several telegraph cir- 
cuits. The usual manually operated teleprinter (or teletypewriter) circuit line signal speed 
is inherently much less than the speed capabilities of a high-grade telegraph trunk. To 
utilize such capabilities efficiently, the trunk time may be allotted among two, three, 
four, or more telegraph circuits on a full duplex basis. When four transmitting and four 
receiving terminals are operating simultaneously at 66 words per minute over one trunk 
line, this line is handling 528 (8 X 66) words per minute, thus enormously increasing its 
efficiency over single teleprinter circuit operation. One multiplex channel may be oper- 
ated in each direction over a duplexed circuit or carrier channel, each of which provides 
two separate telegraph paths. This system, because of its high efficiency of operation, is 
generally employed over heavily loaded telegraph trunk lines. j 

A code is used in which every character consists of 5 equal-length impulses, each of 
which may be either positive or negative, thus yielding 32 separate combinations. The 
code as it appears in a perforated transmitting tape is shown in Fig. 13. The black dots, 
representing perforations in the tape, correspond to marking impulses, and the blank 
spaces correspond to spacing impulses. One of the 32 possible combinations, 5 positive 
or spacing impulses in succession, has no character assigned to it, and is transmitted con- 
tinuously when no messages are being sent. Two combinations, designated “letters” and 
‘‘figures,”’ are used respectively to cause the 
printer to print lower-case or upper-case 
characters, thereby increasing the total num- 
ber of characters that may be transmitted. 

A schematic of this system is shown in 
Fig. 19. Each of five contacting levers in a 
transmitter is connected to correspondingly 
numbered equal-length segments of a dis- 
tributor, which are successively connected to 
the line through the rotating brushes F, F’ 
and an unsegmented collector ring B. Dur- 
ing the time the brushes are traversing 
another part of the distributor, the trans- 
mitter levers are positioned to correspond 

with perforations in the transmitting tape. 

ie Us Saicetan Maancts After the brushes have passed over those 
Fic. 19. Schematic Diagram of the Multiplex pene and transmitted the signal com- 
onto bination to the line the tape is advanced to 

the next set of perforations and the cycle 

of operations is repeated. Auxiliary or local segments (not shown) in the distributor are 
used to step the transmitter ahead at the proper point in each revolution of the distributor. 

The received signals operate a polarized relay, whose armature applies current from a 
local generator to the brushes f, f’ of a receiving distributor, which comprises a solid col- 
lecting ring B’ and a segmented ring A’. Five segments of this ring occupying about the 
same angular position as the sending segments are connected to five correspondingly 
numbered magnets which control the operation of the printer. The sending and receiving 
brushes at opposite ends of the line are rotated in nearly exact synchronism, and their 
angular positions are so adjusted by automatic means that the receiving brush will make 
contact with one segment at the instant a pulse is received from the similarly positioned 
sending segment, thus operating the corresponding selecting magnet. Therefore, at each 
revolution of the brushes the five printer magnets will be operated in sequence to repro- 
duce the identical combination set up on the transmitter levers. 

One or more additional sets of transmitters and printers, similarly connected, provide 
several independent channel transmissions during one complete revolution of the brushes, 
so that by proper choice of the number of channels the full capacity of a line may be uti- 
lized, while the individual channels are operated at speeds that will not exceed the capabili- 
ties of the operators or apparatus. 

The transmitters are controlled by a perforated sending tape (Fig. 13), prepared by the 
operator on a perforator which has a keyboard similar to that of a typewriter. Two types 
of printers are used. One, known as a page printer, is similar to a typewriter and 
is equipped with automatic means for returning the carriage and for feeding the paper to 
print the message in page form; the other prints the message in a continuous line on a 
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narrow paper tape, which is gummed on the reverse side to permit of its being readily 
pasted on message forms. 

Distributor brushes are rotated by a synchronous impulse motor of the LaCour type, 
which is supplied with impulses of constant frequency generated by the contacts of an 
electrically driven tuning fork. Slight variations in motor speed are compensated for by 
applying a precise phase correction controlled by intelligence signals received from the 
distant terminal. Since synchronism is maintained between the sending and receiving 
terminals, the standard start and stop pulses (of the teleprinter) are not required for the 
multiplex circuit, but other local control pulses are employed. 

Multiplex channels are operated commercially at speeds from 50 to 80 words per minute 
(one word averages 5 letters and a space, which is equivalent to 15 cycles per word). 
The number of channels used is determined by the traffic load and type of circuit avail- 
able. On duplexed land lines a maximum of four channels in each direction is permissible. 
Three channels can be satisfactorily operated on carrier channels spaced 170 cycles apart, 
and four multiplex channels may be applied on carrier channels spaced 200 cycles apart. 
Two to eight channels may be successfully operated on submarine cable, depending on 
the type of cable and terminal equipment. 

The line frequencies for various speeds and number of channels in each direction are 
given in Table 1. 

Table 1. Line Frequencies 


5-letter Line Frequency, cycles per second 
Words per 
Minute 8 Channels | 6 Channels | 4 Channels | 3 Channels | 2 Channels 
50 100 75 50 SY fats) 25 
60 120 * 90 60 45 30 
70 140 * 105 * 70 52.5 35 
80 160 * 120 * 80 60.0 40 


* Not used commercially. 


Special repeaters are not required for the operation of multiplex on duplexed circuits 
less than 1000 miles long, as the regular duplex repeaters are usually satisfactory. On 
longer circuits, or in those which contain more than three duplex repeaters in succession, 
the signals are likely to be distorted sufficiently to cause frequent errors and require exces- 
sive attention to the apparatus. In such circuits a regenerative repeater is usually em- 
ployed at every third or fourth repeater point. 

The varioplex system, a Western Union Telegraph Co. development, is an automatic 
telegraph system which provides for the connection of up to 40 individual telegraph cir- 
cuits or subchannels, having variable message loads, over a single high-capacity telegraph 
trunk circuit, to other individual telegraph circuits or subchannels at one or more distant 
points. The actual number of subchannels operated over a single varioplex trunk is 
limited mainly by practical considerations, one important factor being the total message 
load presented to the trunk at any one time. 

Though the cost of this service to the patron is relatively low, the patron has, in effect, 
a private high-grade telegraph connection to the distant party. The installation for 
each patron consists of a sending teleprinter and a receiving teleprinter, thus providing 
simultaneous two-way service. Character counters, connected to the sending legs of 
each subchannel, determine the number of words sent, for billing purposes. 

Messages are transmitted over a given subchannel by operating the keyboard of the 
sending teleprinter, and messages are received over a separate subchannel and automati- 
cally printed by the receiving teleprinter on a page or tape. Any patron may send a 
message at any time, as desired, and the other patrons in a given varioplex system may 
do likewise. All the messages are received at the central office in the varioplex terminal 
equipment and transmitted in sequence over the varioplex trunk to its distant terminal, 
which automatically distributes each message to the proper distant subchannel, over 
which it reaches the patron for whom it is intended. 

The varioplex terminal equipment may be classified as (1) individual to each subchan- 
nel, (2) common to all connections, and (3) part of the varioplex trunk circuit. 

Figure 20 shows a schematic of a two-channel (A and B) varioplex circuit with eight 
patron offices and teleprinters TPR at each terminal of the circuit for one direction of 
transmission only. The opposite direction is similarly provided. The principal equip- 
ment units at sending terminal X for each subchannel include a reperforator RPF, tape 
transmitter X7R, sending chain relays SA and SB, and sending control relay SCO. Com- 
mon equipment units include two banks (five relays per bank) of sending relays A and B 
and a segmented distributor sending ring (five segments per varioplex circuit channel). 
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The principal equipment units at receiving terminal Y include, as common equipment, 3a 
segmented distributor receiving ring (matches the segmented sending ring), two banks 
(five relays per bank) of receiving relays A and B, and two local transmitting devices TA 
and TB (each an arrangement of vacuum tubes). The individual subchannel equipment 
includes receiving chain relays RA and RB and receiving control relay RCO. 

Five sending and five receiving relays (banks A and A or B and B of Fig. 20) are asso- 
ciated with the five respective segments of each channel. These relays function in such 
a manner that, if teleprinter characters are being sent by one or more patrons at station 
X, positive or negative potentials will be applied by each relay to its corresponding seg- 
ment at station X, causing positive or negative pulses (combination determined by the 
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Fic. 20. Schematie of Two-channel (Double-type) Varioplex Circuit (Courtesy Western Union Tele- 
graph Co., Electrical Communication and O. E. Pierson) 


character being sent) to be transmitted over the line to station Y, as the sending brushes 
pass over the segments connecting them, one by one, to the line. 

At station Y the distributor brushes rotate in close synchronism with the distributor 
brushes at station X, and each receiving segment is connected through the line, for a 
short interval of time, to its corresponding sending segment on the distributor rings. As 
the pulses are received at station Y, the receiving relays are operated or released, depend- 
ing on whether the pulses are positive or negative. 

The relay RA or RB of a given subchannel will operate in unison with the relay SA or 
SB of the corresponding sending subchannel and will remain operated during selection of 
a character by the receiving bank relays A or B. The two relays RA and RB of each 
subchannel control their subchannel circuit through their contacts. This circuit is closed 
to a fixed potential, when both relays are in their released positions, but is disconnected 
from this potential and is connected to device TA or TB, upon operation of RA or RB, 
respectively. Devices TA and TB are controlled by the contacts of the bank relays 
A and B, respectively, and by a segmented ring (simplex ring) of the receiving distributor. 

Assuming that a given RA relay is in its operated position, pulses from the receiving 
simplex ring segments actuate the input circuit of the vacuum tube unit 7A in accordance 
with the selected character stored in relay bank A, causing a signal combination to be 
transmitted over the connected subchannel to the associated teleprinter, which prints the 
character sent. 
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No distinction is made with respect to which varioplex channel is used for the transmis- 
sion of a character from any given sending teleprinter. Successive characters are sent 
alternately over the two channels, one character being supplied by each subchannel in 
turn. After all patrons who are sending have transmitted one character, the cycle of 
operation is repeated. Successive characters from a given subchannel may be trans- 
mitted over either varioplex channel. 

Relays SA and SB operate in a cyclic manner, characteristic of the counting chain 
type of relay circuit. A local ring of the distributor furnishes two pulses per revolution, 
one pulse for operating each chain relay. Each chain relay is locked in its operated posi- 
tion after being actuated by one of these pulses, and, whenever any chain relay is actu- 
ated, any other previously operated relay in the same vertical row (Fig. 20) is released. 
Not more than one SA or SB relay is operated at one time. Also, the circuit is such that 
not more than one relay can be operated in the same horizontal row. If all eight sub- 
channels were sending at the same time, the chain relays would operate progressively 
upward, starting with SB relay 8, then SA relay 7, SB relay 6, and so on. Thus, in four 
revolutions of the brush each of the eight sending subchannels would transmit one char- 
acter. This cycle of operations would be repeated as long as signals were being sent. 

. The SCO and RCO relays operate in unison, by means of special signals sent over the 
line, to remove from the operating chain circuits their associated SA and SB and RA and 
RB chain relays, respectively, when these chain relays are not functioning. This removal 
does not affect the other chain relays, which are operative. Thus, by controlling the SCO 
and RCO relays, so that they remain operative if traffic is available at the transmitter, and 
inoperative if such traffic is not offered, the main line circuit time is made available only 
to those subchannels having a simultaneous need for it, and the cycle of operations is 
speeded up. The SCO relay is controlled through a collating arrangement which “‘reads”’ 
the character in the transmitter, causing the sending control relay SCO to operate or re- 
lease, depending on the type of character. 

If the line between stations X and Y is capable of transmitting satisfactory signals at 
a rate of 800 characters per minute, the two distributors for the two-channel varioplex 
circuit are adjusted to a speed of 400 rpm. This method may be employed for all high- 
speed automatic circuits to divide the total traffic capacity of a circuit into smaller and 
more practical components. 

Reperforator switching systems are primarily switching arrangements for use in large 
message relay centers. These systems not only reduce to a minimum the time required 
in relaying messages through such centers but also substantially increase the message 
capacity of trunk lines and facilitate personnel training problems. This equipment is 
now in operation in a number of the main telegraph centers in the United States, and 
installations are in progress in other large centers. 

The reperforator switching system of recent design consists principally of: (1) receiving 
equipment, which prints the incoming characters on and perforates them in a tape; (2) 
crossoffice trunking circuits, by means of which the received message is transferred to a 
sending position; and (3) the sending equipment, which retransmits the message to its 
destination or to a second relay center. 

Incoming and outgoing transmission as handled by the reperforator-switching system 
is usually at the rate of 66 words per minute; the rate over the crossoffice trunks is 150 
words per minute, thus permitting rapid clearance of messages from the receiving posi- 
tions. The high rate over the crossoffice trunk is due to the use of a five-wire trunk, per- 
mitting the sending of a five-element character at a time. Since the attendant has only 
two switch operations to perform in order to relay a message through an office having 
this system, the time required in handling the message is only a matter of seconds. The 
message is passed through the office entirely on tape, no manual receiving or sending 
being involved. 

If an outgoing channel selected for the transmission of a message is idle at the time of 
selection, there is no delay at this channel in retransmitting the message. If the channel 
is busy and no other channel is selected for the message, the tape from the sending re- 
perforator is automatically stored in a specially constructed narrow glass compartment 
and is fed out through the line transmitter automatically, as soon as the busy channel is 
available. 

Special centers, known as “‘spillover” and XV centers, of the switching office are pro- 
vided to handle messages that are abnormally delayed for various reasons, such as circuit 
trouble, destination office closed, incomplete address, and uncertain routing, or to handle 
messages of an emergency or special nature. These centers contain switching turrets and 
printer perforator receiving positions of the same general type, as previously described. 

Subcenter switching systems (Western Union Telegraph Co.) are employed, where a 
number of branch offices and private line patrons are localized in an area some distance 
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from the nearest main switching center. In order to eliminate delays in handling the 
messages originating from these sources, and to reduce operating costs which would occur 
if the messages were collected at a local office by messenger or otherwise and thence trans- 
ferred to a switching center, subcenter switching units, as required, are installed in such 
areas to extend the local lines automatically direct to the main switching center over a 
small group of trunks. Usually the number of trunks required is about one-third the 
number of local telegraph stations served. 

In this sytem, the patron’s teleprinter sends outgoing messages to the main switching 
center direct, the local line being automatically switched through the subcenter. A direct 
circuit from the main center to the patron is established for incoming messages by the 
main-center attendant dialing the patron’s line number over an idle subcenter trunk, 
which is automatically connected to the patron’s line through switches at the subcenter. 

In Teletypewriter Exchange Service (TWX) in the Bell System, line concentrating 
units are usually employed for serving areas, such as described above. These units are 
arranged for automatic switching of two-way message service between a group of sub- 
scriber lines at an outlying center and a manual teletypewriter switchboard over a small 
group of trunks. One such unit has a capacity of 30 lines, which appear on the verticals 
of three 10 by 10 crossbar switches. The trunks appear on the horizontals of these switches. 
A 100-line unit is also available. 

Private line switching and intercommunicating systems are useful in extensive tele- 
graph leased wire networks, such as are employed to connect a number of widely located 
stations and offices in large industries or governmental agencies. These systems perform 
a service in handling telegraph messages somewhat comparable to that which private 
branch exchanges perform in handling telephone messages. The systems are attractive 
to large users because of their simplicity to operate and freedom from trouble. 

The larger private line switching systems of the Western Union Telegraph Co., receive 
messages on printer perforators, which feed the perforated tape into a sending tape trans- 
mitter. This transmitter is connected to the desired outgoing line by means of a plug- 
ended cord and jack. 

When a message is being received at a given unit, the attendant notes its destination 
on the tape and inserts the plug of the cord circuit associated with that unit in one of 
two multipled jacks in which the outgoing line terminates. Two jacks are provided for 
each line so that, if one of the jacks is in use and a second message is received for that line, 
the connection may be made for this message in the idle jack and the message will be sent 
as soon as the first message has been cleared. 

Perforator and transmitter units are frequently provided for the patrons, where it is 
desired to prepare messages in advance by perforating them in a tape and transmitting 
them at the same time or later. 

Fully automatic message switching systems in which the first characters of the code 
serve to control the switching equipment have been developed and are now in operation. 

Intercommunicating systems, as provided by the Bell System for private and govern- 
mental users, employ teletypewriter station equipment and teletypewriter switchboards, 
at which connections between stations or between a station and a trunk are established manu- 
ally by means of cord circuits. The operator is provided with a teletypewriter by means 
of which incoming calls are answered and outgoing connections are established by typing 
on a keyboard. The station may have a page type sending-receiving teletypewriter, or a 
sending-receiving typing reperforator, for printing characters on and perforating them in 
a tape (11/1g in. wide), with which is associated a transmitter-distributor, or other com- 
binations of sending and receiving equipment may be provided. 

Teletypewriter Exchange service (TWX), as established throughout the United States 
by the Bell System for public use, provides both large and small switching centers inter- 
connected by trunk circuits of suitable grade. 

Thus, two TWX subscribers, being provided with the necessary equipment, may com- 
municate with each other by written message from one part of the country to another 
over a vast network of lines and equipment, somewhat similar to that established for 
nation-wide telephone service. 

Transmission limitations, with respect to overall connections, are important factors in 
furnishing a satisfactory general teletypewriter exchange service, as discussed in article 16. 

Teletypesetting, a process of automatically setting type, is accomplished by perforating 
in a tape the copy material to be set in type, and then feeding the perforated tape into a 
transmitting device which actuates a typesetting machine. The tape may be perforated 
locally or by a perforator receiving automatic signals of the proper code over a telegraph 
circuit from a distant point. The six-unit code is used in the transmission of the charac- 
ters, and special teletypewriter or teleprinter equipment arranged to send and receive this 
code is employed, providing page copy for checking purposes. 
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8. ALTERNATING-CURRENT TELEGRAPH SYSTEMS 


Alternating-current telegraph systems employ both wire and radio channels for the 
transmission of telegraph signals. 

Voice-frequency carrier telegraph systems operate within the lowest carrier frequency 
(voice) range of about 250 to 3150 cycles. 

One such system, now in common use, provides up to 18 two-way telegraph channels 
having carrier frequencies from 255 to 3145 cycles, spaced 170 cycles apart. This particu- 
lar system operates on a four-wire line basis over various types of facilities, such as loaded 
four-wire cable circuits, open-wire physical circuits on a four-wire basis (noise conditions 
permitting), and the different types of carrier telephone channels under suitable condi- 
tions. 

Figure 21 shows the principal elements of a telegraph channel from the sending to the 
receiving telegraph terminal for the particular eighteen-channel system referred to above. 
At the sending terminal, the marking signal closes the line circuit at the step-up trans- 
former and the carrier current is transmitted over the line to the receiving terminal, where 
it is amplified and detected, and finally operates the receiving relay to marking (—). For 
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Fig. 21. Principal Elements of a Carrier Telegraph Channel (Courtesy Bell System) 


the spacing signal, the input of transformer T» is short-circuited at the step-up transformer, 
and no carrier current reaches the line. The receiving relay is operated to spacing (+), 
when no current is being received from the line. The 0.2-megohm resistance inserted in 
series with the line winding of transformer 7) assists in reducing the carrier to the line 
and lessening the load on the carrier supply during spacing in this system. The send and 
receive filters pass only the carrier frequency assigned to the particular channel with 
which they are associated. 

The telegraph level at a given point on the circuit is the power at that point due to a 
single steadily marking channel and is expressed in decibels referred to 1 milliwatt (dbm). 
If frequency distortion is present, the level refers to a channel operating at or near 1000 
cycles, which is the nominal telegraph level. The telegraph levels on the line section of a 
circuit, in general, must be high enough to override line interference and low enough to 
prevent modulation and crowding, which introduce objectionable interference in other 
systems. The sending and receiving levels in the same telegraph system should be such 
that cross-induction will not occur between the sending and receiving branches in the 
terminal cabling and equipment. 

Specific telegraph level (STL) of a circuit used alternately for telephone service is 
numerically equal to the power of one telegraph channel (in dbm) at a point of zero tele- 
phone transmission level. At present in the Bell System, this level is —16 db for type C 
carrier (except in certain cases) and —21 db for other telephone facilities. The proper 
selection of the STL in any given case is highly important in the application of telegraph 
to telephone circuits, because of the dependency of the satisfactory operation of both 
services, when related, on this factor. 

The telegraph signaling speed that can be obtained on a carrier channel depends on the 
band width or frequency range of the channel. With wider bands, higher signaling speeds 
per channel are possible but fewer channels are obtained. When the carrier channels are 
spaced 170 cycles apart, each channel will allow telegraph signaling at speeds of 35 to 40 
cycles per second, which permits of the operation of a three-channel multiplex working at 
50 words per minute per multiplex channel. Thus, a twelve-channel carrier system oper- 
ated in this way would have a total capacity of 1800 words per minute in each direction 
simultaneously. With 300-cycle spacing between carrier channels, telegraph speeds as 
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high as 75 cycles per second may be obtained on each channel, which permits the operation 
of a four-channel multiplex at 75 words per minute per multiplex channel. An eight- 
channel system of this type has a capacity of 2400 words per minute in each direction 
simultaneously. 

Voice-frequency carrier systems are usually operated over four-wire circuits, one pair 
being used for the channels working in one direction and the remaining pair for channels 
working in the opposite direction. They may be operated on two-wire circuits, however, 
by transmitting the lower half of the carrier frequencies in one direction and the upper 
half in the opposite direction in a manner similar to the high-frequency carrier, which is 
described in this article. 

Standard voice or carrier telephone repeaters are employed for voice-frequency carrier 
telegraph systems assigned to voice or carrier telephone facilities. These repeaters take 
the same spacing as would be employed if the facilities were assigned to telephone circuits. 

Carrier supply for the different carrier telegraph frequencies in the type of system 
shown in Fig. 21 is now generally furnished by vacuum-tube oscillators, although some 
motor-driven multifrequency generator sets are still in service. One vacuum-tube oscil- 
lator unit has a capacity for as many as 50 carrier telegraph channels normally but for a 
short time may supply a much greater number of channels. Harmonic control is provided 
for the vacuum-tube oscillator supply to limit high peak line currents, which would tena 
to overload the telephone repeaters and, in carrier systems, cause interchannel inter- 
ference. 

Voice-frequency carrier transmission is sometimes employed between a teletypewriter 
office and an outlying teletypewriter station, particularly where a d-c telegraph channel 
cannot be satisfactorily provided. 

In this system, a carrier frequency of 690 cycles transmitting from the office and 1640 
cycles transmitting from the station is used. Carrier current is transmitted for spacing 
and no current is transmitted for marking signals. The break relay at the office can thus 
be omitted, since the sending relay opens the receiving circuit during transmission of a 
spacing signal, which holds the receiving relay on its marking contact. Also carrier 
current is not sent over the line from either terminal while the receiving circuit at that 
terminal is connected to the line. 

Filters are required at both terminals, in order to prevent echo current effects from 
reaching the detectors and causing false signals. 

The series resistance across the low-pass filter at the station provides for spacing signal 
feedback to the station amplifier detector circuit and permits obtaining a home copy of 
the outgoing-station message. 

The operation of this carrier system does not affect the usual telephone circuit trans- 
mission over the line and is not materially affected by reasonable amounts of line leakage 
or by earth potentials, crossfire, or power induction in the circuit. 

High-frequency carrier telegraph systems for open-wire application have been employed 
by the larger communication companies for a number of years. The ten-channel open- 
wire systems of the Bell companies are no longer standard, owing to the improvements 
and economies secured from the eighteen-channel voice-frequency system described above. 

The Western Union Telegraph Co. has developed a series of carrier telegraph systems 
specially designed to fill the requirements of the domestic telegraph system. A number 
of these systems are in operation (1947), and additional systems are being installed rapidly 
in a modernization program in which carrier operation will replace d-c telegraph opera- 
tion for trunk circuits and will substantially reduce the number of wires and pole lines 
required for the telegraph service. These systems include (1) a portable type for estab- 
lishing short temporary or emergency channels, (2) a low-cost four-channel system for 
distances not greater than two repeater sections, and (3) four types of multichannel, 
long-distance trunk systems. The basic, standard unit of the trunk carrier systems is a 
3000-cycle voice-frequency band extending from 300 to 3300 eycles. The four trunk 
systems are (1) the 7.5-ke type E with one voice-frequency band in each direction, (2) the 
15-ke type F with two bands in each direction, (3) the 30-ke type G with four bands in 
each direction, and (4) the type WN with 32 bands in each direction and requiring a 
transmission band of 150 ke in each direction. Types E, F, and G are open-wire systems 
designed for two-wire operation and with frequency allocations (for 300-cycle channels) 
as shown in Fig. 22. The type WN is designed for use with a two-way microwave radio 
relay circuit. 

In multiband systems, only one band can be transmitted in its original frequency 
position (300 to 3300 cycles); all other bands must be transferred or translated to separate 
positions in the available frequency spectrum of the transmission medium. This can be 
accomplished by modulating each of the bands requiring translation by a separate second- 
ary carrier of appropriate frequency. Such a method is wasteful of the frequency spec- 
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trum because of the increasing inefficiency (in absolute band width) of selective filters as 
the frequency is increased. The Western Union systems utilize the spectrum more effi- 
ciently by employing a plural or tandem method of modulation in which the voice-fre- 
quency bands are translated in groups, thus requiring only broad group filters at the 
assigned position in the frequency spectrum. The secondary carrier or translation fre- 
quencies are supplied by amplified harmonics of a high-stability, low-frequency oscillator. 

Although these carrier systems are designed primarily for operation over Western Union 
facilities, they are readily adapted to operation on any wire or radio transmission system 
that provides a suitable transmission band. Furthermore, the individual voice-frequency 
bands can be repeated or patched at will between the four types of Western Union multi- 
band systems, Bell System facilities, and equivalent facilities of other companies. 

The voice-frequency bands may be utilized for high-speed facsimile telegraph trans- 
mission or for operation as a telephone circuit, but they are ordinarily channelized for 
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printer or other code telegraph operation. Two types of channelization are employed, 
providing (1) nine-wide-band channels spaced 300 cycles apart and suitable for four- 
channel multiplex operation at speeds up to 75 cycles per second, and (2) eighteen narrow- 
band channels spaced 150 cycles apart and suitable for teleprinter or two-channel multi- 
plex operation. Present trends are away from the relative mechanical complexity of 
multiplex telegraphy and toward teleprinter operation; consequently, narrow-band 
channels only are now being installed. 

The following description deals with narrow-band channels, but it also applies gen- 
erally to the basically similar wide-band equipment. The sending terminal of each chan- 
nel includes a vacuum-tube oscillator, which supplies the channel carrier frequency. The 
d-c telegraph signals are impressed or superposed on the carrier by modulation. The 
carrier telegraph systems of other companies use amplitude modulation, as did the early 
Western Union systems. For amplitude-modulated (a-m) operation, the channel carrier 
frequency is transmitted for a marking signal and interrupted for a spacing signal. West- 
ern Union has introduced, and now uses exclusively, frequency modulation for carrier 
telegraph transmission. In f-m transmission, the frequency of the channel oscillator is 
controlled by the d-c telegraph signals being transmitted. Marking and spacing signals 
cause the frequency to swing down and up, respectively, 35 cycles from midchannel fre- 
quency. The transitions between marking and spacing frequencies are not instantaneous 
but are very abrupt, with the frequency increasing and decreasing smoothly between the 
lower and upper limits. This action results in true frequency modulation, and the modu- 
lated carrier current appears at the output of the channel transmitting filter constant in 
amplitude but varying in frequency. 
| At the distant corresponding channel terminal, the carrier is selected by the receiving 
filter and amplified, after which it passes through an amplifier limiter, a frequency dis- 
criminator, and a rectifier circuit, which restores the marking and spacing frequencies to 
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their original d-c form. The vacuum-tube limiter circuit maintains a constant-amplitude 
output for received levels in a range between —50 and +10 dbm. 

In comparison with a-m transmission, f-m transmission is definitely less susceptible to 
interference, and the received signals are immune to the influence of level variations en- 
countered in transmission. 

The original f-m channel terminals contained transmitting and receiving relays. In 
the latest type of narrow-band equipment, the relays have been eliminated and operation 
of the channel terminals is completely electronic. ‘This change, together with other 
simplifications, has effected a considerable reduction in size and cost of equipment. 

Transmission losses in the open-wire systems between sending and receiving terminals 
are compensated for by vacuum-tube repeaters, spaced at suitable intervals along the 
line. Average wet-weather losses are limited to about 25 db between repeaters. Reflec- 
tion losses at junctions of open wire and incidental intermediate or terminal cables are 
limited by impedance-matching networks. Loading of short cables to reduce attenuation 
losses is no longer favored. Networks are provided at repeaters and terminals to equalize 
the losses at different frequencies, so that the attenuation is substantially uniform over 
the carrier band. 

Telegraph circuits can be operated across the United States entirely by carrier without 
requiring a regenerative repeater at any point. The type G system provides, in each 
direction, on a single pair of wires 72 teleprinter circuits or 144 multiplex channels having 
a total capacity of 4750 and 9500 words per minute, respectively, in each direction. The 
other systems provide capacities proportionate to the number of voice-frequency bands 
employed. The radio relay system with its 576 carrier channels handles 38,000 words 
per minute each way. 


9. FACSIMILE SYSTEM 


Facsimile, as defined and discussed in detail elsewhere in this handbook, is a process 
whereby such objects as a picture or a sheet of paper containing printing or writing are 
electrically scanned, and the electrical currents thus generated are transmitted by wire or 
radio to a receiving device which reproduces, as a print or on a specially prepared paper, 
the original picture (in black and white) or the printing or writing. The following brief 
discussion applies to facsimile as used in telegraph operation only. 

Facsimile transmission of messages, as employed by the Western Union Telegraph Co., 
is known as ¢elefax service or transmission. This type of service was considered desirable 
by the telegraph companies for many years, but the recording systems used, employing 
photographic, chemical, or other processes, were too costly or slow for the general handling 
of telegrams. 

In recent years, the Western Union Telegraph Co. developed for its use a facsimile 
recording paper, with the trademark Teledeltos. This paper has a conducting coating of 
a light gray color which is marked in black by the passage of an electric current through 
it. The paper is used dry, requires no processing, is not affected by light or ordinary 
moisture conditions, and produces immediately a clear-cut permanent record. Simple 
Telefax recording equipment receives the incoming amplified facsimile currents and 
applies them directly to the paper by means of a stylus riding on the surface of the paper. 

The Telefax equipment thus far developed is of several different types and has been 
designed primarily to provide maximum convenience for the general public. However, 
trunk-line Telefax is being used to some extent between large centers, as between Chicago 
and New York. These trunk circuits have been used mainly for the transmission of 
drawings, sketches, copy for publication, editorial corrections, and commercial messages. 
For good-quality Telefax transmission, a frequency band width of about 2500 cycles is 
required. The line loss at the maximum frequency used should not exceed about 25 db. 


10. MISCELLANEOUS TRANSMITTING AND SIGNALING SYSTEMS 


The ticker system is designed to furnish stock, bond, and grain quotations and pertinent 
news items to brokerage, investment, and private offices during trading hours. 

The ticker, which does not include a transmitting keyboard, is otherwise quite similar 
in principle to the start-stop printer, the chief points of difference being in the form of 
type wheel used and the method employed in shifting from letters to figures. An eight- 
unit code is used. The first impulse of each group starts the printer; the second impulse 
determines by its polarity whether letters or figures are to be printed; the succeeding five 
pulses determine the particular character to be printed; and the eighth pulse is the stop 
pulse, which allows the distributing mechanism to come to rest in preparation for the 
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next succeeding signal group. The tickers are controlled by a single transmitter at the 
central distributing point. Normal operating speed is from 450 to 500 printed characters 
per minute. 

The teleautograph system is employed principally by banks, railroads, department 
stores, and similar businesses. This system provides a means by which messages, written 
in longhand at one station, may be reproduced simultaneously at one or more stations at 
various locations without material distortion of the original characters. 

The principle on which this system operates is shown in Fig. 23. The transmitter con- 
sists of a stylus, which is mechanically connected, through two sets of levers and appro- 
priate swivel joints, to the contact arms of two variable rheostats in such a way that the 
horizontal and vertical components of the stylus movements are translated into cor- 
responding current variations in two lines connecting the receiver. At the receiver, the 
variations in the line currents produce similar movements in two coils or ‘“‘buckets”’ 
within a magnetic field. The movements of these coils are communicated through a 
system of levers to a writing pen which reproduces the movements of the sending stylus. 
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Fia. 23. Schematic Diagram of the Telautograph System 


The pen is lifted from the paper and the paper is shifted to provide fresh writing surface 
by magnets, which are controlled by superposed alternating current supplied by a buzzer 
located in the transmitter. 

Two grounded circuits are required, one to transmit the current variations representing 
each of the two components of the stylus motion. As many as 100 receivers, arranged to 
be controlled by one or more transmitters, may be operated in multiple on a pair of wires. 
The speed of operation is determined entirely by the rapidity with which the operator 
can write. The line potential is usually 120 volts with one side grounded, and current 
depends upon the resistances of transmitters and receivers. One type of equipment, 
which normally operates on 100 ma, is adapted for use on wires not exceeding 700 ohms 
resistance each. Another type requires only 60-ma line current and will operate well on 
lines up to 1200 ohms resistance, although in a few extreme cases operation has been 
maintained on lines having resistances as high as 1800 ohms. 

Messenger call circuits are employed for summoning telegraph messengers to pick up 
messages at various locations and deliver them to the telegraph office for sending. 

Signals are transmitted by a call box, which consists of a spring-driven clockwork 
mechanism arranged to turn a pair of notched contact, wheels through one complete revo- 
lution each time the box is operated by turning and releasing a winding key, as shown in 
Fig. 24. The contact wheels are arranged both to open and ground the line when trans- 
mitting signals, and to restore the line to its normal closed ungrounded condition upon 
coming to rest. The call boxes are connected in series with a line having both ends ter- 
minated at the central office in relays which operate a buzzer and a register for recording 
the signals on a paper tape. Switches S;, Se, and S3; are provided to change the line, 
battery, and register connections to permit of receiving signals from the call boxes even 
during times when the line circuit may be accidentally open or grounded or both. Only 
the simultaneous occurrence of a fault on both sides of a call box or group of boxes will 
prevent the transmission and correct reception of signals. The normal line current in 
call circuits is 50 ma, and, for satisfactory service, not more than 50 call boxes should be 
included in any one circuit. Signaling speed usually does not exceed 4 impulses or 2 


cycles per second. 
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Though many technical advances have been made in the art of telegraphy, the mes- 
senger call box, of which there are over 300,000 in the United States in offices, hotels, and 
other public places, still plays an important part in the collection of commercial telegraph 
messages. 
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Fia. 24. Schematic Diagram of a Messenger Call Circuit 


Clock circuits are employed in furnishing telegraph time service. The clocks at sub- 
scriber premises are driven by springs which are wound periodically, usually once each 
hour, by a small electric motor operating on dry batteries. The minute and second hands 
are arranged so that they may be moved to their 12 and 60 positions, respectively, by the 
operation of a synchronizing magnet. The synchronizing magnets of the clocks are con- 
nected in series in a grounded circuit terminating at the central office on the contacts of a 
transmitting relay or a synchronizing machine which sends a synchronizing impulse 1 sec 
long once every hour, in response to the operation of contacts of a master clock. The 
transmitting circuit is arranged to give an audible signal if the synchronizing impulse fails 
to be transmitted owing to line failure. The clocks mechanically lock their synchronizing 
mechanisms in the inoperative position except for two or three minutes immediately 
preceding and following the time at which the synchronizing impulse is to be received, so 
as to protect the clocks from being set to a false position by accidental crosses between 
the line and power circuits. The normal line current is 250 ma, and approximately 60 
clocks may be operated on one circuit. 

Naval Observatory time signals are regularly distributed to all parts of the United 
States by the Western Union Telegraph Co. over about 200,000 miles of wire network. 
These signals provide the means for maintaining some 2000 master clocks, so that they 
continuously indicate time to a practical degree of accuracy. 

Railroad communication systems employ the latest types of telegraph as well as tele- 
phone and radio facilities for the control of train movements and the general business of 
the railroads. The telegraph facilities used are, in general, similar to those previously dis- 
cussed in this section and will not be considered further here. Special arrangements of 
telegraph facilities are employed by the railroads to meet their special needs. 


SUBMARINE CABLE TELEGRAPHY 


By John D. Taylor 


Submarine cables interconnect all the earth’s continents for the transmission of tele- 
graph messages. 

One large telegraph company has more than 30,000 miles of ocean cable, some of it lying 
at a depth of nearly 3 miles. This company laid its first cable in 1873 and its latest cable 
in 1928. The North Atlantic is spanned by 14 cables, and 6 cables extend between North 
America and the Azores, where connections are made with Europe and, via the Cape 
Verde Islands, with Africa and South America. There are other cables between the 
United States and Mexico, South America, and the West Indies. Three cables span the 
Pacific Ocean. 
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11. CABLE DATA 


The first transoceanic cables laid were of the non-loaded type. It was not until 1924 
that the first loaded cable was placed, and this cable connected New York with Horta, 


Azores Islands. 


Non-loaded cables of the deep-sea type usually consist of a single copper conductor, 
which may be solid, stranded, or a combination of both, to provide greater flexibility, as 


shown in Fig. 1. 
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Non-loaded Submarine Cable Construction 


of jute over which an outer 

covering of compound is applied. The overall diameter of deep-sea cable varies from about 

3/4 in. to 11/2 in., depending on the size of conductor and the construction employed. 
Table 1 shows certain properties of non-loaded cables now in operation. 


Table 1. Certain Properties of Non-loaded Deep-sea Cables 


Weight, pounds per Diameter Diameter Resistance, Capacitance, 

nautical mile of over ohms per microfarads 

Conductor, | Gutta-percha,} nautical mile | per nautical 
Copper Gutta-percha mils mils at 75 deg fahr mile 
70 120 70 252 16.90 0.272 
107 120 86 258 11.05 0.316 
107 166 86 298 11.05 0.280 
130 130 95 270 9.10 0.334 
140 140 99 280 8.45 0.335 
160 150 106 291 7.40 0.345 
180 160 112 302 6.58 0.351 
200 180 114 318 5.92 0.339 
225 225 124 354 5.25 0.332 
275 225 138 360 4.30 0.363 
350 300 151 412 3.38 0.347 
500 315 180 432 D537, 0.398 
650 400 203 487 1.82 0.398 
700 360 211 470 1.69 0.435 

_— 


The shore ends of ocean cables are usually of the twin-conductor type, a cross-section 
of which is shown in Fig. 2. The second conductor in the end cable is used to extend 
the circuit ground terminations out into deep water for the purpose of minimizing extra- 
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Fig. 2. Loaded Deep-sea Cable Construction 


neous ground disturbances from power circuits and natural causes. Since the end sections 
of cable usually rest in shallow water and are subject to severe water action and other 


* Deproteinized rubber has been employed as a substitute for gutta-percha, and a synthetic 
insulation of polyethylene is being experimented with. 
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disturbances near shore, the construction is much heavier than for the deep-sea sections, 
both in armoring and jute layers, so that the overall diameter may be as large as 4 in. 

Loaded cables, in their make-up, closely resemble the non-loaded cables just described, 
the principal difference being that the copper conductor or conductors (for twin conductor) 
are spirally wrapped with a thin, high-permeability tape of Permalloy (alloy of nickel 
and iron) (see Fig. 2). This tape uniformly and continuously loads the copper conductors 
and results in material signal transmission improvements (over the non-loaded cable), 
such as lower and more uniform attenuation with frequency and less distortion. 

Table 2 shows certain properties of loaded cable now in service. 


Table 2. Certain Properties of Loaded Deep-sea Cables 


Ne ee ay pet pat Resistance, Capacitance, | Inductance, 

ae a ts ohms per microfarads millihenries 

: tical mile | per nautical | per nautical 

Gutta-| Loading | Con- | Load- | Gutta-| 22U 4 : 

Copper percha | Material | ductor ing percha at 75 deg fahr mile mile 
573 387 72 180 192 480 2.09 0.370 63 
517 355 61 171 182 430 2331 0.375 86 
255 252 43 121 132 360 4.65 0.318 140 
IN fps 258 2) 126 148 375 4.28 0.340 170 
605 * 370 104 182 202° later seneve 1.97 0.393 118 


* Approximate values. 


12. OPERATION 


Long non-loaded submarine cables (the longest being about 3500 nautical miles) have 
high values of resistance and capacitance, which attenuate and distort the telegraph sig- 
nals to such an extent that, until recently, the usual methods of land line operation could 
not be employed. 

Early methods of transmission employed a modified form of bridge duplex with artificial 
line, giving duplex operation, and electromechanical types of receiving equipment. 

Signals were transmitted in the cable Morse Code from a perforated tape by a trans- 
mitter and a group of associated relays, arranged to apply positive or negative battery 
or ground to the apex of the bridge circuit of the duplex set in accordance with the code. 

The receiving instrument first used on transatlantic cables was a moving-coil-type 
mirror galvanometer, connected as such in the bridge duplex circuit. Because of its 
sensitivity and favorable signal-shaping characteristics, this instrument was used for 
many years, until replaced by the siphon recorder, which recorded on a moving paper 
tape in ink the variations in magnitude of the incoming signals. The recorder was later 
supplemented by (1) various types of magnifiers, which amplified the received signals 
before the signals reached the recorder, and (2) sensitive cable relays, such as the drum 
and gold-wire types, which permitted dispensing with manual relay operation at repeater 
stations. 

These developments, together with the application of regenerative repeaters, extending 
to the period immediately after World War I, made possible greater signaling speeds, but 
with recorder operation it was still necessary to transcribe messages manually from the 
recorder tape at the receiving terminal. Satisfactory operation required that the unbal- 
ance current in the receiving arm of the bridge should not exceed one-sixth the value of 
the received signaling currents, thus necessitating the maintaining of a duplex balance 
between the cable and artificial line within about 1/100 per cent. 

Because of the high cost of submarine cables, intensive study and experimental work 
have been continuous, new techniques and devices being sought for increasing the effi- 
ciency of these cables. The electromechanical receiving equipment was necessarily 
fragile to respond to weak signals, and the gain of the magnifiers was relatively low as 
compared to electronic amplifiers. Attempts in 1918-1919, to apply vacuum-tube signal- 
shaping amplifiers to improve signal reception did not result favorably, mainly because 
of (1) high level disturbances existing at that time on duplexed non-loaded cables, due to 
interference and duplex unbalances, and (2) the fact that suitable electrical networks, 
equivalent to or better than the mechanically tuned moving coil, were not available. 

With the laying of the first loaded oceanic cable in 1924, higher signaling cable speeds 
were possible, limited by recorder operation and other terminal equipment. Concentrated 
effort toward improving this equipment resulted in the development of a signal-shaping 
amplifier and a multiplex printer system suitable for high-speed loaded-cable operation. 
This equipment was installed on the first and subsequent loaded cables, resulting in rais- 
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ing the message capacity of these cables as much as three to eight times over that of the 
older, non-loaded systems. These loaded systems are still giving satisfactory service. 

The substantial gains made in cable message transmission through development of the 
loaded-cable system called forth increased effort toward bettering the non-loaded cable 
performance. The results so far attained have been successfully applied quite extensively 
in the North Atlantic and in the Alaska communications cable systems, having been 
accelerated by the needs of World War II. 

The improvement program in non-loaded submarine cable operation has included (1) 
conversion from cable code recorder operation to five-unit code printer operation, (2) 
replacement of magnifiers with vacuum-tube signal-shaping amplifiers which permit the 
use of rugged land-line-type polar 
relays, and (3) improvements in yer 
duplex artificial line networks and network 
in the technique of balancing. 


Thus, the advantages of more Local 
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: : shaping relays 
creased circuit speeds, and reduced network 
maintenance at cable stations have £ eer 
: © rotary 
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ing mechanisms, and printers, thus 

providing for integrated operation with land line systems. It differs from these latter 
systems in that it is applied to single as well as multichannel operation, whereas the land 
line system requires start-stop seven-unit code printers for single-channel use; and on 
long cables the printer signals are transmitted at a speed such that pulses of unit or dot 
length are received at very small amplitude and, in effect, are considered as absent. 

The receiving networks are adjusted to respond to signals two or more units long, so 
that, from the standpoint of signal reception, the fundamental received frequency is one- 
half the transmitted dot frequency. The receiving relay operates on a three-position 
basis, remaining at the zero position for dot signals, which are reinserted synchronously 

by the receiving rotary distributor. The at- 
4 tenuated-dot method of transmission, though 
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Resonant-frequency over that attainable with normal transmis- 
cycles per Second sion, because, with attenuated-dot transmis- 


17.5 sion, the received signals are more susceptible 
I i 2.16 MH to interference and more difficult to shape. 
ete With this method, the five-unit code used in 
ee per = land line multiplex functions as a 2.5-unit code, 
giving a net gain, over the 3.7-unit recorder 
= 4 Morse code. 
The cable printer system is flexible in 
Fic. 4. Typical Arrangement of Resonant that individual channels may be terminated 
Balance Networks (Courtesy Western Union c 3 , 
Telegraph Co., A.I.E.E., and C. H. Cramer) extended, or combined with other channels 
to satisfy traffic requirements and the trans- 
mission speeds of the available circuits. Channel efficiency may be increased by the appli- 
cation of land line automatic systems. 

Figure 3 shows a typical arrangement of important terminal units for duplexed non- 
loaded cable, including a pre-amplifier shaping network, an amplifier unit, receiving relays, 
and a local correction network. Resonant balance networks, as shown in Fig. 4, are also 
provided in a balanced arrangement between the series condensers and the bridge points of 
the receiving circuit. 

The pre-amplifier shaping network, shown diagrammatically in Fig. 5, has been designed 
to meet certain requirements which permit satisfactory printer operation on long non- 
loaded cables at the highest practicable speeds, the more important being: 
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1. A higher standard of receiving accuracy, continuity, and reliability of operation 
than with recorder operation. , 
2. The ability to equalize or restore the received frequency components of the signals 
to an approximation of the original amplitude and phase relationships. ah 
3. Passing only the narrowest band of frequencies, consistent with avoiding undue 
characteristic distortion and with limiting the effects of extraneous interference and 
duplex unbalance voltages. Direct currents and alternating currents of near-zero fre- 
quency must be rejected, in order 


Compass pauneat to avoid effects from earth currents, 
Snipe section circuit Input to particularly as a result of magnetic 
network amplifier storms. 


4. A shaping network electrically 
A 3 symmetrical with respect to the 
bridge acalies SHS ; duplex bridge or electrically isolated 
y : from the bridge. 

5. Network elements designed for 
a wide range of adjustment. 

6. Amplifier gain and output suf- 
ficient to operate rugged polar re- 
lays, similar to those used in land 
line systems. 


This pre-amplifier network, when 

Fic. 5. Pre-amplifier Signal-shaping Network (Courtesy 5 
Western Union Telegraph Co., A.I.E.E., and C. H. Cramer) properly adjusted, LORIE) band 
of frequencies, including those com- 


ponents required for good signal shape, properly proportioned and phased, and largely 
or almost completely suppresses those frequencies below the fundamental received fre- 
quency. The first branch of the network, being symmetrical and directly across the 
duplex bridge, is tuned to about 1.5 times the received frequency. The remaining ele- 
ments of the network, being isolated from the bridge by shielded transformers, are 
arranged in two paths which combine at the amplifier input. 

The lower frequencies pass to the amplifier over the low-frequency path with little, if 
any, further shaping, while the higher frequencies pass to the amplifier over the high- 
frequency path, in which they are further shaped by a bridge-type phase-adjusting net- 
work, a low-pass filter for added suppression above the required signal band, a parallel 
resonant circuit tuned to 1.5 times 
the received frequency, and suit- 
able resistance controls. The 
phase-adjustment network pro- 
vides the required wave-front 
steepness with less higher-fre- 
quency components, thus permit- 
ting further discrimination against 
unwanted frequencies. 

The amplifier unit is of the 
three-stage resistance-capacitance 
coupled, pushpull type with two 
stages of voltage amplification. § |/ .--—~ 
Frequencies below those received 
from the shaping network are sup- 
pressed. The maximum voltage A 
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5 : : . Component through high-frequency path of Fig. 5. 
gains and available overall earns B. Component through low sroqneney cath of Fig, 5. 
are 83 db and 103 db, respectively. Al-IB: 


Cc 
The amplifier output is adequate D. Component supplied by local correction network. 


for operating the latest land-line- Ea a a Ca 


Fic. 6. Received Signal Resulting from Transmission of 
type polar relays. hii Long Signal over Non-loaded Submarine Cable (Courtesy 
Two standard two-position re- Western Union Telegraph Co., A.I.E.E., and C. H. Cramer) 


lays function in unison as a three- 
position relay, in accordance with usual cable practice, but the circuit is readily converti- 
ble, if desired, to receive two-current signals. 

Figure 6 shows the shapes of the component signals in the formative stages and the 
shape of the complete signal at the amplifier input. Curve C shows the signal shape as it 
leaves the pre-amplifier network, at which point signals of the fundamental received fre- 
quency are fully shaped but longer signals would be badly distorted because of lack of 
low-frequency components. The local correction network (Fig. 3) functions to restore 
these components under control of the receiving relays. The shaped local correction 
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voltages, curve D, are added to the received signal in the grid circuit of the output stage 
of the amplifier, resulting in the fully shaped and complete signal, curve EZ. 

For loaded-cable systems, essentially all signal shaping occurs in the pre-amplifier and 
interstage networks, but there is some deficiency in the very low-frequency components. 
The method of shaping employed with the non-loaded cable systems not only affords 
greater immunity from low-frequency disturbances but simplifies amplifier design and 
stability and eliminates slow transients (wandering zeros). 

Duplex operation of non-loaded cables, giving greater total message capacity, is nor- 
mally used. With the advent of modern amplifiers, extraneous interference and duplex 
unbalance levels limit signaling speeds. If un- 
balance is governing, maximum capacity is ob- 
tained by using unequal speeds in the two direc- 
tions of transmission, but duplex unbalance is 
at present less of a factor, owing to improved 
artificial lines and balancing methods. 

The basic ocean cable artificial line is still 
about the same as it was at the beginning of 
duplex operation. The lumped series resist- 
ances and shunt capacitances, simulating cor- 
responding cable constants, have been subdi- 
vided and arranged for greater flexibility of 
adjustment. Modern artificial lines of Ameri- 
can design are subdivided so that the lumped 
values of resistance and capacity increase pro- 
gressively as their distance from the head 
(point nearest the apex) of the artificial line 
increases. 

The cable circuit parameters include induct- 
ance and effective resistance, which vary with 
frequency because of the earth-return path 
characteristics, and are known as the sea-return 
impedance. These factors, though small, are 
important in high-accuracy balancing of the 
near end of the cable. By using tapered re- 
sistance values in series with the shunt capac- 
itance elements of the artificial line sections, 
the sea-return impedance can be simulated 
over a relatively wide frequency band and the 
propagation constant of the sections to which 
these resistances are added is not materially A. Before insertion of networks of Fig. 4. 
changed. B. After insertion of networks of Fig. 4. 


However, in order to meet balance require- Fica.7. Frequency Characteristic of Unbalance 
ments, further refinements in duplex balanc- Un Barrens ie Sebi ours ee 
ing are necessary. Slow reversals are trans- Cramer) 
mitted, and observations of the residual unbal- 
ance transient are made with a cathode-ray oscillograph or ink recorder. In the final 
adjustments, unbalance at operating speeds is also observed. The artificial line adjust- 
ments have their limitations (which are not usually the same for different cables), because 
of inadequacy of artificial line, interferences, or other factors. 

Corrective resonant networks are designed to secure the ultimate duplex balance needed 
for satisfactory operation. These networks, Fig. 4, supplement the artificial line and 
provide an impedance, which can be effectively controlled as to magnitude and width of 
frequency band. The networks are designed in accordance with a frequency character- 
istic of the residual unbalance. 

This frequency characteristic is obtained by taking electrical measurements, directly 
across the duplex bridge over the important frequency range, of the effective residua| 
impedance unbalance at the head of the artificial line. Several of the single networks are 
usually used, some of them being inserted in series with the cable and some of thém in 
series with the artificial line and adjusted, as yequired. Final adjustment is made in the 
usual artificial Jine controls. 

Figure 7 shows the frequency characteristic of unbalance on a transatlantic cable before 
and after insertion of the corrective resonant networks and the final adjustments. The 
balance has been improved by these networks over the most important frequency band, 
with the greatest improvement at the higher frequencies. 
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Crossfire between cables usually occurs if two or more cables land at the same point and 
extend underground to the cable station with small separation. This interference is con- 
trolled by applying simple corrective networks at the cable station. If two cables land 
at different points and are laid closely parallel for some distance, the corrective problem is 
more difficult, requiring more complex networks. 

With the techniques that have been developed for improved duplex balances and the 
correction of crossfire, extraneous interference, mostly of natural origin, becomes con- 
trolling in signal speed. Natural interference is picked up in the shallow-water end sec- 
tions of cables, its magnitude varying widely from cable to cable, depending on the depths 
and distances encountered. Receiving earths of the non-loaded cables are usually located 
up to several miles from shore. The twin-conductor end sections of cable greatly assist in 
limiting the interference and could be extended further into the ocean, but the cost would 
be correspondingly increased. 

Some improvement in interference levels has been obtained by increasing the sending 
voltages, restricted until recent years to about 50 volts, up to 90 to 120 volts, now in com- 
mon use by some of the cable companies. 

Signal-shaping amplifiers of the type just described are being used on many of the longer 
transoceanic cables; short-cable amplifiers are employed for short connecting cables. 

On certain duplex-operated non-loaded cables, the sum of the letters-per-minute speeds 
in the two directions now averages in printer operation over 40 per cent more than with 
the previous recorder speeds. The average net increase in the message capacity of these 
cables, considering short-cut methods permissible in recorder but not printer operation, is 
over 30 per cent. In one case, it is expected that the ultimate speed in printer operation 
when three-channel multiplex equipment is available will be 750 letters per minute in 
each direction of transmission. 

In loaded cables, the channel speed is usually 250 to 300 letters per minute, the number 
of channels per cable varying between 4 and 8, depending on the cable make-up. One 
loaded cable, about 2300 nautical miles long, operates at 65 cycles per second and provides 
5 one-way channels, each with a capacity of 312 letters per minute. 

Power equipment consists of storage batteries and charging-equipment installations of 
the capacities and sizes necessary to provide both regular and emergency power at the 
cable stations. The d-c voltages range from 90 to 120 volts. 


TELEGRAPH EQUIPMENT 


By John D. Taylor 


The telegraph central office is the centralizing point which, for its particular area, 
directs and regulates the movement of telegraph messages. From such points, the operat- 
‘ing personnel also maintains constant supervision over the proper functioning of and 
needed repairs to equipment and outside plant. 


13. CENTRAL-OFFICE EQUIPMENT 


Central-office equipment for telegraph operation consists of a wide variety of equip- 
ment units and associated facilities. The types and amounts of equipment at any given 
central office vary over a wide range, depending mainly upon its importance in the general 
telegraph network, the message volume handled, and the nature of the traffic. Some of 
this equipment has previously been described and will not be discussed further here. 

In a large office, the principal classifications of equipment may be considered to include: 

1. Terminal equipment for open-wire lines—entrance cables, protector and distributing 
frames, and testboard (Western Union designation is line-terminal switchboard). 

2. Intermediate operating equipment—repeaters, concentrators, and system apparatus, 
such as multiplex, varioplex, reperforator-switching, carrier, and Telefax. 

3. Operating positions—teletypewriter switchboard (Bell System designation), operat- 
ing tables or positions for Morse, multiplex, and teleprinter sending and receiving appa- 
ratus, tape perforators, reperforators and transmitters, Telefax terminals, telephone lines, 
and switching facilities. 

4. Message-handling equipment—belt conveyors between incoming and outgoing operat- 
ing positions and distributing centers within an office, and pneumatic-tube terminals 
from branch or other message-handling centers to the main office. 
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5. Power equipment—power-generating equipment, such as rectifiers and motor-genera- 
tors, power switchboards, power distributing systems to power-operated units, storage 
batteries, and emergency power plants. 

6. Building equipment—lighting, heating, ventilation, elevator service, personnel 
quarters, and many other items of this nature. 

The equipment layout in an office should provide a minimum travel time of the operat- 
ing personnel in their regular work and should limit wiring and cabling requirements be- 
tween equipment units. 

Protector (main) frames provide for termination of the entrance cables through which 
the open-wire lines extend into the central office, either directly on protectors or on ter- 
minal blocks, from which the lines are connected to protectors. The protectors, consisting 
of heat coils (or fuses) and carbon block discharge gaps, function to prevent excessive for- 
eign currents or voltages from damaging the central-office cables and equipment, as dis- 
cussed in more detail in Sections 10 and 17. Office circuit fuses are also provided to pre- 
vent excessive office currents from damaging the equipment or wiring. 

Testboards or line-terminal switchboards, to which the lines are extended from the 
protector frames in cable, are designed to terminate the telegraph circuits, entering an 

- office, in jacks for testing, patching, and other purposes, as required in maintaining and 
operating these circuits. Certain central-office equipment units, battery taps, and special- 
purpose apparatus are also terminated at such boards and may be associated with or dis- 
connected from the various circuits, to meet operating needs. In the older-type boards 
telegraph-circuit layouts are usually established in part by means of patching cords; in 
the latest-type boards, these circuits are wired through groups of jacks, individual to each 
circuit, eliminating the need for patching cords, except for testing or establishing other 
than the normal circuit layout. 

Intermediate distributing frames have mounted, on their two sides, terminal blocks, 
to which the various equipment units in the office are wired. Office cables also extend 
from these frames to testboards and line-terminal switchboards and to telegraph operat- 
ing positions and teletypewriter switchboards, so that by means of crossconnections on 
these frames circuits may be connected to the various testboard and switchboard jacks, 
operating positions, and equipment units, as desired. 

Teletypewriter switchboards employed for the purpose of establishing connections be- 
tween teletypewriter subscribers consist principally of positions equipped with jacks, cord 
circuits, and a keyboard sending and receiving teletypewriter, which may be associated 
by means of keys with any cord circuit on the position. 

The operator handles connections somewhat like an operator at a manual telephone 
switchboard position, the principal difference being that the incoming calls are answered 
and extended to the called subscriber by operating the teletypewriter, with the assistance 
of similarly equipped distant operators, if necessary. 

These boards are designed to serve as few as 10 lines (mostly for private networks) or as 
many as 2040 subscriber lines and 600 intertoll trunks, when the outward, inwarc, and 
through traffic is handled at one board. 

In order to improve transmission from a central office to a teletypewriter station, a 
wave-shaping network, consisting of resistance, inductance, and capacitance of various 
values and combinations, depending on the type of loop and connected equipment, is fre- 
quently inserted in the side of the loop connected to the repeater at the central office. 
Wave-shaping networks are also employed, as required, at the stations. These networks 
assist in restoring the received signal wave to its original shape. 

The jacks, cords, and plugs used at telegraph switchboards and testboards for testing, 
patching, and establishing connections may be of standard types, such as those in manual 
telephone testboards and switchboards. However, where low-resistance conductors with 
greater service margins are needed, these units are frequently of heavier construction. 
The number of conductors will vary between different boards, depending on the circuit 
requirements. 

Telegraph repeaters employing polar transmission are standard for d-c trunk-line 
terminal sets; they usually operate on a full duplex basis with ground return. Other types 
of repeaters are used at intermediate trunk-line points for transmission reasons. The 
operating functions of repeaters have been discussed in article 6. 

Repeaters are used in various arrangements in circuits, the name by which they are 
designated indicating the manner in which they function, such as a combination duplex- 
duplex half repeater, terminal duplex-duplex half repeater, and high-speed polar duplex, 
high-speed single-line, and regenerative repeater. One form of repeater provides for 
receiving, recording, and, when the outgoing circuit is clear, retransmitting telegraph sig- 
nals, which, in effect, is equivalent to storing signals. Special types of repeaters serve 
other purposes, such as connecting multiplex channels to other channels and loops. 
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Relays perform vital functions in the operation of telegraph circuits and equipment. 
The modern high-speed polar relay operates efficiently and with precision. Figure 1 
shows a common type of polar relay for 
use in high-speed d-c telegraph circuits. 
Figure 2 shows a plug-type polar relay, 
commonly used in d-c telegraph line cir- 
cuits. Many other types of relays are em- 
ployed in telegraph circuits, each designed 
to perform its particular function. 

Multiplex distributors, as previously ex- 
plained in this section, are devices having 
segmented and solid ring face plates, with 
which rotating brushes are in contact, and 
by means of which telegraph signals from 
one or more circuits are transmitted over 
a single telegraph line in sequence on a 
time-sharing basis. The face plates are 
removable and may be changed as desired 
to meet operating requirements. 

The brushes are mounted on a shaft, 
driven by an impulse motor, which is syn- 
chronized with the motor of a multiplex 
set at the distant line terminal. For this 
reason, the start and stop pulses are not 
required, as they are for the teleprinter or 
teletypewriter, and only a five-unit code is 
employed per character for each circuit 
operating over the multiplex line. 

The shaft between the motor and the 
Fic. 1. Typical High-speed D-c Telegraph Polar brush assembly consists of two parts joined 
Heley (hE om Die ee ne Cg ee together by a magnetically operated ratchet 

; ; device, by means of which the angular posi- 
tion of the brushes with respect to the motor rotor may be changed in steps of 1 1/2 angular 
degrees. The change may be made with the motor operating, if desired. A mercury- 
filled flywheel mounted on the motor shaft 
provides stability of rotation. The various 
connections to the distributor are brought 
out to multicontact bayonet-type plugs 
to provide for rapid replacement of the 
distributor in case of trouble. Figure 3 
shows one type of multiplex distributor. 

The shaft speed is determined by the 
required channel speed. For four-channel 
operation in each direction, at a channel 
speed of 66 words per minute, the shaft 
speed is about 396 rpm. However, the 
total message capacity for the line is 528 
words per minute. 

Synchronization of speed between two 
multiplex sets at opposite ends of a mul- 
tiplex circuit is accomplished by means 
of a driving fork associated with each set. 
This fork is magnetically vibrated and 
equipped with contacts to generate im- 
pulses from a d-c supply for operating the 
motor of the set. The frequency of vibra- 
tion of the fork, and hence the motor : 
speed, DAY, be altered by changing the Fria. 2. Typical D-c Telegraph Relay for Line and 
position of weights clamped to the fork Other Circuits (Courtesy Western Union Telegraph 
tines. The normal fork frequency (with- Co., A.I.E.E., F. E. D’Humy, and P. J. Howe) 
out weights) is about 60 cycles per second, 
corresponding to a distributor speed of about 360 rpm. Forks with shorter tines are used 
for high-speed circuits. Figure 4 shows a drawing representative of a driving fork. 

The tape perforator consists of a perforating mechanism, actuated by a keyboard unit, 
in which each individual key lever, with certain exceptions, is designated with an upper- 
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and lower-case character. By operating the key levers when the perforator is in its operat- 
ing condition, the characters corresponding to the keys operated will be punched in a 
paper tape in the standard five-unit code. 


Fig. 3. Typical Rotary Distributor (Courtesy Western Union Telegraph Co., A.I.E.E., F. E. D’Humy, 
and P. J. Howe) 


In one type of perforator design, a punch block contains six small cylindrical metallic 
fingers or punches, between the die plates of which block the tape is fed (see Fig. 5). A 
punch hammer, operated by a magnet, forces the punches through the tape as it passes 
the punch holes in the die plates. As each character is punched, the tape is moved for- 
ward one space by a pawl and feed roll, and the succeeding character is then punched. 
Five of the punches are for code perforations, and the sixth punch provides the feed holes 
in the center of the tape. 

Between the punch hammer and the five punches are five punch bars, which are con- 
nected by bell cranks to five U-shaped bars (loops), pivoted at each end and held by 


Fie. 4. Driving Fork Used in Multiplex Systems 


means of springs so that their greatest length is in a horizontal position directly beneath 
the keyboard. 

Attached to the lower edge of each key lever is a piece of metal, called a comb, which is 
cut out, so that depressing a key will cause its comb to strike the top edge of one or more 
of the loops and move them downward. The combs are cut differently for the different 
keys, resulting in a different combination for each key depressed. 
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The depression of any loop moves the corresponding punch bar from in front of its 
punch so that, when the punch hammer is operated by the magnet, the corresponding 
punch does not operate and the tape is not perforated by that punch. A sixth (power) 
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Fie. 5. Perforator Punching Mechanism (Courtesy Bell System) 


loop, operated when any key is depressed, energizes the punch magnet, which actuates 
the punch hammer. 

This perforator also provides for moving the tape backward for correction of errors and 
for indicating end of a line, so that the carriage return key can be operated to start a new 
line at the distant receiving machine. 

The typing reperforator is a device for receiving messages from a telegraph circuit or 
transmitter and recording them in tape by five-unit code perforations and by printing the 
character on the tape above the corresponding perforations. 

The transmitter and transmitter-distributor are devices for translating code perforations 
in tape into electrical impulses, which are transmitted over a connecting medium to a re- 
ceiving device for interpretation as signals of intelligence. The perforations may be in a 
five-unit, six-unit, or other code, depending on the particular circuit requirements. 


Line battery a CR 
ommutator 


Fia. 6. Diagram Showing Transmitter Contacts Wired to Distributor Segments (Courtesy Bell System) 


In the transmitter-distributor the tape transmitter establishes the code combinations to 
be transmitted, and the commutator distributor sends out these combinations over the 
line, as marking and spacing impulses, in their proper sequence and at the desired speed. 
Both units are driven by the same speed-regulated motor. 

For one type of five-unit code transmitter-distributor, the five contact tongues (see dia- 
gram in Fig. 6) of the transmitter move between two sets of contacts, one set marking and 
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the other set spacing. These tongues and the multipled marking and spacing contacts are 
connected to distributor segments. In “make-break’’ operation, battery is connected to 
the marking contacts only. 

The tongues are mechanically connected to the ends of five pivoted contact levers, each 
of which has three extensions A, B, and C, as shown in Fig. 7. In the unoperated position 
of the contact lever bail (the position shown in Fig. 7), the contact lever springs pull down 
on the A extensions, causing the tape pins in the C extensions to press up against the 
tape but the upper contacts remain closed. Since the tape pins are spaced the same 
distance apart as the tape perforations, any pin will then pass through the tape if there is 
a perforation in the tape above it. When a pin moves through a perforation, the A exten- 
sion is permitted to move down slightly under action of its spring, thus opening its spac- 
ing and closing its marking contact by the movement of its contact tongue. Where there 
is no perforation in the tape above a pin, the pin is held in its normal position against the 
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Fie. 7. Tape Transmitter Mechanism (Courtesy Bell System) 


tape and its contact tongue remains on spacing. Thus, the code perforations in the tape 
determine the setting of each of the contact tongues either to marking or spacing, and 
hence the polarity of the distributor segments connected to the tongues. 

After each character is transmitted, the contact tongues are reset to spacing by opera- 
tion of the operating lever and contact lever bail. This bail moves the B extensions to 
the left, withdrawing the tape pins to a position below the tape guide surface, thus mov- 
ing the contact tongues upward. Also, after each character is transmitted, a sixth (feed) 
lever is actuated, causing the tape feed mechanism to move the tape forward a distance 
equal to that between the character punches in the tape. 

An automatic stop is mounted on the transmitter-distributor base to stop the trans- 
mitter if the associated perforator operation is interrupted or if its speed becomes less 
than that of the transmitter. This avoids tape mutilation by the transmitter. The stop 
consists of a light metal lever, suspended over the tape loop between perforator and trans- 
mitter, which is raised when the loop becomes tight, opening the control circuit of the 
transmitter. 

Message conveyors are employed in the larger telegraph central offices to reduce the 
travel and handling time for messages that must be transported from one location to 
another in the same office or building. In the largest centers, the total number of mes- 
sages handled daily may average 300,000 or more. 

Pneumatic tubes provide a rapid and efficient means of transporting the original copies 
of messages, being commonly employed between branch and central offices and for intra- 
departmental use in large central-office buildings. 


14. STATION EQUIPMENT 


Station equipment intended for telegraph purposes is of various types and designs to 
meet the needs of the customer. A number of the equipment units are also applicable for 
use at customer premises, such as the teletypewriter, teleprinter, perforator, typing re- 
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perforator, transmitter-distributor, Telefax, ticker, clocks, and various other units. The 
station equipments discussed in the following paragraphs are additional to those previ- 
ously discussed. 

Printers. Two types of teletypewriters of the start-stop, five-unit code type have not 
been previously described. One is a motor-driven, single-magnet, fixed paper carriage, 
typebar, page printing type, operating normally at speeds of 240 to 368 operations (40 to 
60 words) per minute. The paper may be in single sheet rolls, usually 8 or 8 1/2 in. wide, 
or two or more carbon copies may be made by using the proper paper assemblies. 

The other is a teletypewriter, used where not more than one carbon copy is required 
and where a smaller machine than the first is desired by the customer. This machine is 
a motor-driven, single-magnet, moving paper carriage, typewheel, page printing type, 
operating normally at 368 operations per minute. It uses paper 8 1/2 in. wide, which may 
be multiple wound for one carbon copy. 

Radio-interference-suppression apparatus (filters), consisting of inductance, capaci- 
tance, and resistance, are employed in station equipment, usually in a parallel-series rela- 
tion, across various make-break contacts in the teletypewriter or teleprinter. One type 
of suppressor reduces induction at broadcasting frequencies, and another type provides 
suppression at both broadcasting and higher frequencies. 

Selectors are used on important circuits to provide a convenient means for calling 
attendants at repeater or terminal stations to the circuit when trouble develops. They 
are also used on Morse wires and concentrators to enable one station to call another with- 
out calling in all the other stations on the same circuit. The selector, Fig. 8, contains a 


Fic. 8. Typical Telegraph Selector 


magnet, normally connected with the line or line relay, which controls a mechanism 
arranged to close a set of local contacts only when the magnet is operated by the particular 
combination of impulses for which the selector mechanism is adjusted. The local contacts 
of the selector may be used to operate either visual or audible signals or to place the local 
receiving apparatus in an operative condition. Signal combinations for operating the 
selectors may be transmitted manually with a Morse key, or special clockwork-driven 
calling keys may be used for the purpose. 

In Morse telegraphy manual operation is employed, but, owing to the growth of auto- 
matic transmission of messages, Morse operation is confined mainly to occasional local 
services over short-haul telegraph facilities, such as those to sporting-event locations, 
railroad-station offices, and small towns. 

Morse circuits are operated either single or duplex, as conditions may require. Where 
several such circuits terminate at a central point, they are usually connected into a con- 
oie unit by means of which one operator can handle all the circuits so concen- 

rated. 

Figure 9 shows sketches of a Morse sending key, sounder, and relay. 

The sending key has two contacts, normally held open by a spring, which are closed 
by manually depressing a key lever, which also depresses the spring. When the key is 
released, the spring causes the contacts to open. A second lever operates horizontally to 
close the circuit at the key when the key is not in use. 

The sounder consists of an electromagnet and an armature which moves a sounding 
lever between two adjusting stop screws, the assembly being mounted on a sound-amplify- 
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ing base. When the magnet is energized, the armature is drawn down until its stop screw 
contacts the metal frame, producing an audible click. When the magnet is de-energized, 
the armature is restored to its unoperated posi- 
tion by spring action, its outer end striking the 
upper stop screw, which produces a click. 

Two of these clicks separated by a short inter- 
val are interpreted by the operator as a dot. For 
a longer interval between clicks (usually three times 
the interval between dots), the signal is interpreted 
as a dash. The armature travel and restoring 
spring tension can be adjusted to suit the operator. 

Local sounders operate in local sounder circuits; 
they may be of low resistance (about 4 ohms), 
requiring an operating current of about 250 ma, 
or of high resistance (100 or 400 ohms), requir- 
ing operating currents of about 60 and 30 ma, 
respectively. Main line sownders are designed 
for operation in series with the main line cir- 
‘cuit. These sounders may be adjusted so that 
their operation is not materially affected by line 
leakage, usually encountered, and their resistance 
may be 30, 100, or 120 ohms, depending on circuit 
requirements. 

The relay consists of an electromagnet having one 
or more windings arranged to move an armature, 
which operates between a set of contacts. Signal- 
ing impulses, passing through the operating wind- 
ing of the relay, cause the armature to move to 
its proper contact, in accordance with the type 
of impulse received, thus repeating the sent signals 
in a local circuit connected to the relay) contacts. 

The type of relay shown in Fig. 9 usually is Morse Relay 
equipped with a magnet having 25, 100, or 150 yy 9. TelecraphepparatueUsdd tat 
ohms resistance. Manual Stations 
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TRANSMISSION-MAINTENANCE 


By John D. Taylor 


15. TRANSMISSION STANDARDS 


Signal transmission is considered perfect in any telegraph circuit or connection if the 
received effective marks and spaces or dots and dashes are exactly the same length as the 
sent marks and spaces or dots and dashes. In practice, signals which may be nearly per- 
fect as sent are affected during transmission by circuit constants, such as the inductance, 
capacitance, resistance, and leakage of the line conductors, by equipment characteristics, 
and by various forms of interference. It has been found that, with present operating 
arrangements, bias changes, large fortuitous distortion (usually termed ‘“‘hits’’), and 
smaller but more frequent fortuitous distortion (see discussion in Article 5) are the princi- 
pal causes of transmission impairment. 

In designing telegraph facilities, both line and equipment, the general problem is to 
provide a satisfactory grade of service in the most economical and convenient manner that 
will meet public and operating needs. The trend is toward automatic transmission in the 
telegraph just as it is in the telephone field, in order to increase the speed of service most 
efficiently. 

Because of the many types of facilities employed in the telegraph plant, different tele- 
graph circuits affect telegraph signals differently, and, in order for the signal transmission 
to be satisfactory in any given circuit layout, it is necessary to know in advance what 
these effects will be. 

Since, in the present state of the art, distance is not a limiting factor in the transmission 
of telegraph signals, direct telegraph circuits may be provided from any point to any other 
point in the world by choosing the proper equipment and transmitting media for such 
circuits. 
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i6. TRANSMISSION COEFFICIENTS 


One of the large communication companies in the United States in 1926 developed a 
system (since improved) of transmission ratings of telegraph circuits and equipment, 
based on signal-distortion measurements and on experience gained from operating per- 
formance. This system is based on the fact that, since the distribution of distortions 
follows the normal distribution law, ratings or coefficients, chosen as proportional to the 
mean-squared values of the distortions, could be added directly to give the overall co- 
efficient for any combination of circuit units for which coefficients were available. 
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Fie. 1. Diagram of Typical Teletypewriter Exchange Service Connection Requiring a Regenerative 
Repeater (Courtesy Bell System) 


The magnitude of these coefficients was selected so that, for satisfactory signal trans- 
mission, the overall combined coefficient should not exceed a value of 10. Where this 
value was exceeded in a given circuit layout, it would be necessary, by some means, to 
reduce the signal distortion. For start-stop telegraph equipment, the regenerative re- 
peater is available for correcting signal distortion. It is customary to insert them in a 
circuit or at the junction of circuits to limit the overall coefficient to 10, as shown in Fig. 1. 

Duplex telegraph repeaters of the differential type are employed at intermediate points 
in long d-c telegraph circuits with ground return to increase signal strength. These re 
peaters are usually spaced about 250 miles apart, although this distance varies over a 
comparatively wide range, depending on the types of line facilities, equipment, interfer- 
ence, operating speeds, and other factors involved. These intermediate repeaters do not 
correct distortion but repeat the signals through from section to section. For this reason, 
regenerative repeaters or other distortion-correcting devices are generally required every 
two or three repeater sections. 


17. CROSSFIRE 


Crossfire neutralization between polar duplex grounded telegraph circuits is necessary 
where this form of electrical interference becomes objectionable. As the speed of opera- 
tion increases, crossfire between such circuits assumes greater importance. 
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Fic. 2. Neutralization of Crossfire Current at the Sending Terminal (Courtesy Bell System) 
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Crossfire is caused by the mutual inductance and capacitance between the telegraph 
circuits and by leakage. Though the major part of this interference is due to the close 
physical relation between the paralleling open wires and cable conductors, some of it re- 
sults from couplings in equipment common to two or more of the paralleling conductors, 
as in composite sets, line filters, and loading coils. In general, the magnitude of the inter- 
ference is proportional to the length of the line wire and cable conductor parallel. In cable, 
the coupling is much greater than in open wire, and, if more than two duplex telegraph 
circuits are derived from one quad, the crossfire usually becomes prohibitive, even for 
comparatively short distances, unless neutralization is applied. 

Figure 2 shows one method of neutralizing crossfire currents at the sending end without 
affecting these currents at the receiving end of a polar duplex circuit. Figure 3 shows one 
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Fic. 3. Neutralization of Crossfire Current at the Receiving Terminal (Courtesy Bell System) 


method of neutralizing crossfire currents at the receiving end without affecting these cur- 
rents at the sending end of a polar duplex circuit. In some cases, neutralization at the 
sending or the receiving end only will be sufficient; in the more severe cases, both methods 
will be required. 

For sending end neutralization, a properly adjusted condenser is employed between the 
artificial lines of the two circuits shown, causing currents to be set up between them in an 
opposing direction to the crossfire currents. For receiving end neutralization, a trans- 
former is inserted in the apexes of the two duplex sets, which, by proper poling and adjust- 
ment of the coupling, sets up currents opposing the crossfire currents. 


18. MAINTENANCE 


The proper maintenance of telegraph facilities plays a vital part in providing the public 
with telegraph service of a satisfactory grade. For this purpose, various types of test- 
boards and testing equipment have been developed and routines established to insure 
that the facilities are properly maintained. 

TESTING EQUIPMENT developed for maintaining telegraph facilities includes such 
principal units as: 

1. Monitoring machines with sending and receiving units, for checking the transmission 
of telegraph signals. 

2. Test distributors, sending substantially perfect signals for lining up and testing tele- 
graph circuits and apparatus. One type is for the central-office and another for portable use. 

3. Automatic multiple senders, providing sources of battery reversals and of test signals 
for teletypewriter circuits. 

4. Telegraph signal biasing sets, providing sources of biased battery reversals and tele- 
typewriter test signals of the inverse neutral type; also providing for measuring bias from 
a distant sending end. 

5. Telegraph transmission stability test set, giving quantitative indications on a recording 
meter of the freedom from bias of a series of received reversals. 

6. Telegraph station test set, for testing at outlying stations or small central offices, to 
indicate distortion of received signals and assist in determining wave-shaping network 
requirements. ; 

7. Telegraph transmission measuring set, indicating directly on meters the distortion in 
signal reversals from start-stop machines. One meter indicates bias (average) distortion 
and another meter the peak value of the total distortion (instantaneous sum of bias, char- 
acteristic, and fortuitous effects). One type of set is for the central office and another is 
for portable use. 

8. Telegraph crossfire test set, for determining the proper values of capacitance and re- 
sistance for neutralizing sending-end crossfire and the proper inductance couplings for 
neutralizing receiving-end crossfire between grounded polar duplex telegraph circuits. 
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9. Hit indicators, giving locked in indications of short-duration line disturbances, suffi- 
ciently large to cause or almost cause the receiving relay to leave its marking contact, or 
when an initial spacing impulse of a message is received from the line. 

10. Orientation-testing indicator (portable type), for adjusting the orientation of a certain 
type of regenerative repeater. 

11. Hit suppressor unit, for preventing certain forms of interference on private-line 
telegraph facilities from being transmitted in a certain direction beyond the line section 
or sections in which the hits occur. 

12. Carrier telegraph test set, for maintaining carrier telegraph systems, including fila- 
ment circuit tests and a drift measuring circuit for compensator relay bias adjustments. 

13. Frequency-measuring devices, for checking carrier frequencies used in carrier tele- 
graph systems. 
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RADIO TELEGRAPH SYSTEMS 


By J. L. Finch 


In radio telegraph communications it is necessary to have a transmitter, and a receiver 
and an operator’s position. For the less important circuits these are often located together 
under the control of one operator who alternately sends and receives messages. This 
method of operation is known as the simplex method. For more important circuits the 
transmitter and the receiver are arranged for simultaneous operation, and this is known 
as the duplex method. In the duplex method it is usually advisable to have the trans- 
mitter and receiver located at different points to reduce interference troubles. This 
arrangement becomes increasingly important as more transmitters and receivers are used. 
When it is necessary to locate the transmitters and receivers at the same point, as on ship- 
board, special precautions must be taken to prevent mutual interference and the frequency 
separation between transmitted and received signals must be kept relatively great. 

When ratio communication is carried on to and from large cities it is the usual practice 
to have a central office in the city with both the transmitting and the receiving centers 
located well outside the city and connected by wire lines or by ultra-high-frequency radio 
control circuits. 


19. CHOICE OF TRANSMITTER AND RECEIVER SITES 


The sites are usually chosen where ample level space is available for directional antennas 
for each communication circuit planned. The availability of a dependable power supply 
and of reliable control channels is a further consideration. The receiving centers are 
usually located where man-made static is low. It is desirable that hills and mountains in 
front of the antennas do not rise at an angle of more than 3° for long-distance communica- 
tion at short waves, although angles of as much as 5° can usually be tolerated. For 
shorter distances the angles may be greater. The land immediately in front of an antenna 
has a direct bearing on the vertical directivity and should be level. For long waves, moun- 
tains and valleys within a fraction of a wavelength have little effect on the antenna direc- 
tivity. 


20. CHOICE OF FREQUENCIES 


The most desirable frequency to be used between any two points depends upon many 
factors which vary with time of day, season of year, position in the sunspot cycle, occur- 
rence of magnetic storms, and location of the great-circle path over which the signals must 
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travel with respect to the aurora areas centered about the earth’s magnetic poles. These 
factors are mostly related to wave propagation and are described in article 10-23. Usable 
frequencies start at about 10 ke and extend as high as 30,000 Mc. The very low frequen- 
cies are propagated effectively and are relatively steady and consistent, but they require 
very large and expensive antenna systems, particularly at the transmitting end, in order 
to radiate even a small percentage of the generated power. At the receiving end extensive 
antennas are required to get good directivity and thus a favorable signal-to-noise ratio. 
Further, the transmitting antennas must be very sharply tuned in order to be efficient, and 
this fact limits their modulation capabilities to relatively low keying rates. It should be 
noted that propagation at frequencies from 50 ke to 30 Mc is subject to wide fluctuation. 

Commercial companies have found it worth while to maintain and operate long-wave 
facilities which are already in existence for use during magnetic storms and to serve for 
re-establishing contact with the remote points after short waves have suddenly faded out. 

Frequencies between 3 and 25 Mc have been found the most useful for long-distance 
communications. Those between 3 and 10-13 Me are useful over these long distances 
when most or all of the radio path is in darkness while those from 10-13 to 25 Me are 
useful when most or all of the path is in daylight. The lower of these frequencies are 

_useful over shorter distances in the daytime. The same frequencies can be used succes- 
sively in different parts of the world as the daylight and darkness areas progress around 
the earth. 

Frequencies above 30 Me are rarely useful for extensive periods for long distances (over 
2500 miles) and those above 50 Mc can be relied upon as a rule not to carry to distant 
points on the earth’s surface and so can be used over and over again on circuits separated 
by only a few hundred miles. Because signals at these higher frequencies will not bend 
very much, an optical path or one approaching an optical path between the transmitting 
and receiving antennas is necessary. 


21. REDUCTION OF FADING EFFECTS 


The use of short waves for communicating over long distances is very frequently beset 
with fading caused by the alternate addition and subtraction of the signal arriving over 
different ether paths. This is due to the varying phase relation of the arriving radio- 
frequency waves. It has been found that much of this fading is very local in character. 
When a signal has faded out at one location it may be coming in at full strength a few 
hundred feet away. Also when at a given point one radio frequency has faded out com- 
pletely, another frequency only a few hundred cycles different being radiated from the 
same transmitting antenna may be coming in at full strength at this point. Receiving 
systems which employ two or more receiving antennas spaced apart geographically are 
known as space diversity receiving systems. The telegraphic signals received by each antenna 
are rectified and passed through a limiter which cuts off the tops of all the characters that 
would exceed a certain value. The various signals are then combined in such a manner 
that all of them must fade at once to cause a signal failure. When using three separated 
receiving antennas this diversity effect reduces the failures due to fading to a very small 
fraction of that suffered by the signal received on any one of the antennas. Systems that 
transmit two or more slightly different radio frequencies from one antenna are termed 
frequency diversity systems. In this case the same receiving equipment is used as otherwise, 
since the different radio frequencies being received are so close together that the receiver 
responds to all of them substantially equally. The limiting used is such that all frequencies 
must fade out at once to cause a signal failure. This system results in a very marked in- 
crease in the reliability of the circuit. 

To obtain the different frequency components required in the transmitter output for 
frequency diversity it is usual to phase-modulate the carrier at an audio rate of about 
600 cycles and with a maximum phase deviation of about 1 radian. This modulation 
results in the production of two side frequencies spaced 600 cycles each side of the carrier. 
The amplitude of each side frequency is a little less than half the amplitude of the unmodu- 
lated carrier. Phase modulation can be accomplished quite simply, and it does not neces- 
sitate reduction of the total power generated by the transmitter. 

It is common practice to key two different transmitters operating at different frequen- 
cies with the same signals and to combine the outputs of two receivers at the traffic office 
to insure against service interruptions, particularly at the time of day when one of the 
frequencies is about to fade out and it is desired to replace it with another. 
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22. RADIO INTERFERENCE 


Interference between radio channels should be eliminated by spacing the frequencies 
sufficiently far apart and by making the receivers selective enough to differentiate between 
the desired and undesired signals. The radiation at unauthorized frequencies such as at 
harmonies of the desired frequency wave must be avoided. In some types of transmit- 
ters, frequencies lower than the desired ones are generated and then the desired harmonic 
is radiated. The radiation of these lower frequencies must be avoided. Vacuum-tube 
transmitters are prone to generate spurious or parasitic frequencies. The radiation of 
such frequencies must be avoided. These parasitic frequencies often modulate the desired 
frequency wave, resulting in modulation sidebands which will be radiated with the desired 
wave if allowed to exist and will cause interference on other channels. Often when a 
transmitter is free from parasitic oscillations in the steady state, both marking and spac- 
ing, such oscillations occur during the transient period at the beginning and end of signal- 
ing characters. These oscillations are known as key-click parasitic oscillations. Other 
interchannel interference sometimes results from the modulation products or side fre- 
quencies generated by the keying, these being particularly noticeable at high signaling 
speeds and when the characters are square ended. To round the characters to reduce these 
side frequencies when using efficient class C amplifiers in the transmitter and with on-off 
keying is difficult and expensive. When using ‘‘frequency shift’’ or “two-tone” keying, 
however, the signal characters can be rounded quite simply and the objectionable side- 
frequency radiations greatly reduced. Two transmitters at the same station, particularly 
when operating at closely spaced frequencies, sometimes intermodulate each other and 
radiate signals in adjacent bands. This can usually be made negligible by reducing the 
cross coupling between the two systems. 

Receivers may cause interference with other receivers, usually due to radiation from the 
first heterodyne oscillator into the room and into the receiver power wires and into the 
receiving antenna. It is particularly important to avoid radiation back into the antenna 
of a level of more than 1 microvolt when one antenna is used with a number of receivers 
at various and variable frequencies. 


23. FREQUENCY SHIFT KEYING 


It has been the general practice in the past to key transmitters by interrupting the 
transmitter output power. Recently equipment has been developed to take advantage of 
the ‘frequency shift keying’’ system, also known as the ‘‘two-tone keying” system. This 
method employs one radio frequency for ‘‘mark”’ and a second radio frequency for “‘space,”’ 
each at the same power. The separation between the two is not critical. At present a 
separation of 850 cycles is in common use. To reduce key-click interference in adjacent 
channels it is desirable to shift the frequency of a single oscillator and at a rate only suffi- 
cient to accommodate the required keying speed. 

In receiving frequency shift signals, amplitude variations are limited out by the use of 
a limiter stage. The resulting signals of fixed amplitude and variable frequency are im- 
pressed upon a discriminator the output of which may operate a relay device, tone keyer, 
or other utilization device. The limiter stage largely eliminates the effect of atmospheric 
or other interference whose strength is lower than 3 db below the signal. 

Results have indicated that in practice the transmitter power can be reduced as much 
as 10 db, after adopting the frequency shift keying system, without degrading the service. 


24. TRAFFIC OFFICE AND EQUIPMENT 


In central offices carrying small volumes of traffic, particularly over radio circuits of 
inferior reliability, it is advantageous to have the transmitting and receiving positions 
located adjacent to each other. This is for convenience in asking and giving acknowledg- 
ments and for ‘‘breaking”’ the circuit. For handling larger volumes of traffic over a num- 
ber of reliable circuits, it is advantageous to arrange the transmitting positions in one 
group and the receiving positions in another. 

Intelligence can be transmitted over radio telegraph circuits in the Morse code or by 
means of automatic printers using their own special codes. For the simplest equipment 
Morse signals are transmitted by hand and received aurally and transcribed by hand or 
on a typewriter. For higher speeds and more reliable service automatic sending and re- 
ceiving is used. The messages are punched on a typewriter-like machine known as 2 
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perforator. A sample tape is shown in Fig. 1. The tape is run through an auto-head device 
which has electrical contacts and which form the Morse characters corresponding to the 
letters punched. The received signals operate an ink tape recorder. These recorders com- 
monly involve a moving tape with a pen pressed against it. The pen is retained in its 
lower position for “‘space”’ and in its upper position for ‘‘mark,’’ making a record as shown 
in Fig. 1. Automatic Morse communication is practical at speeds of 20 to 500 words per 
minute. 

For average speeds up to 40 or 50 words per minute one operator at the transmitting 
end perforates the tape and tends to the auto-head machine. At the receiving end one 
operator views this tape as the message is recorded and transcribes the messages on a 
typewriter. For higher speeds of transmission the tape must be punched by two or more 
operators and sections fed successively into the auto-head. The recorder tape must be 
divided between two or more receiving operators for transcription. 

Automatic printers are advantageous in that they make it unnecessary for the operators 
to learn the code, they reduce human errors in transcribing from code signals, and they 
permit automatic transcription of incoming messages directly in a form suitable for de- 
livery to the customer. Their use, however, eliminates the possibility of detecting errors 
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Fic. 1. Tapes for Automatic Sending and Receiving 


due to mutilation of the signals introduced in the radio path. Frequently a trained opera- 
tor can transcribe correctly a mutilated signal such as would cause a printer to make an 
error or to operate an error-indicating device. Further, the transmission speed is limited 
to that at which a printer will function properly, i.e., to speeds of 60 to 100 words per 
minute. The printers in general use employ a five-unit code and respond to any combina- 
tion of signals whether mutilated or not. An error-indicating printer is in use which 
employs a seven-unit code. All operations use three marking and four spacing elements. 
Any other combination will operate an error-indicating device. 

In connection with radio telegraphy it is customary to rate transmission speeds in words 
per minute, each word consisting of an average of five letters. More accurately, each word 
consists of 48 units * or minimum elements, each unit being taken as the length of one 
dot or one space between dots, and the length of dashes and spaces between letters being 
equal to three units. From this it can be calculated that when the auto-head is running 
at a rate to make 40 dots per second the transmission rate will be 100 words per minute. 
Similarly printer speeds are calculated on the basis of six operations per word, allowing 
five characters and one space per word. 

MULTIPLEX. In order to make use of the high signaling speed capabilities of short- 
wave radio circuits and still enjoy the advantage of automatic printer operation at nominal 
speeds, means have been devised for dividing the total time available for transmission be- 
tween two or morechannels. Thissystem is known as time division multiplex (see article 7). 
This system can also be used for Morse operation; it is advantageous because each channel 
can be copied as it comes in, and thus delays in message delivery caused by the necessity 
of dividing tape received at high speeds between ~ wo or more operators can be avoided. 

MULTICHANNEL. A second method of obtaining more than one telegraph channel 
on a single radio circuit utilizes single-sideband equipment such as has been developed 
primarily fer telephone service. Such a system can carry a large number of individual 
tones, each keyed as desired with printer signals or Morse signals and each separated from 
the others at the receiving end by means of wave filters. 

Both the multiplex and the multichannel systems are more expensive initially and more 
costly to maintain and operate than single-channel systems, but they are worth while 
when large volurnes of traffic are to be handled because they save space in the radio spec- 
trum and at the same time provide for printer operation or Morse operation at speeds that 
can be transcribed currently. 

* The term “‘baud” has, in some sections of the industry, been applied to these units. In the offi- 


cially correct usage the baud is the unit of telegraphic speed or of rapidity of modulation corresponding 
to one minimum element per second. 
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25. CONTROL CHANNELS 


The signals must be carried from the central office to the transmitting station, and from 
the receiving station to the central office, over suitable control channels. These channels 
can be carried over wire lines or over ultra-high-frequency radio circuits. When wire lines 
are available d-c signals may be used, either unidirectional or polarized (plus and minus), 
or keyed tone signals may be employed. The tone signals have the advantage that a 
number of them can be carried over one tone pair and separated by wave filters (see art- 
icle 11-10). When ultra-high-frequency radio control circuits are used, keyed tone signals 
areemployed. A number of similar groups of tone signals can be transmitted over a single 
radio circuit by a system similar to the voice-carrier system as described in article 17-9. 

TONE KEYERS. The keying device or tape transmitter device in the central office 
usually closes an electric circuit by means of a pair of contacts for marking and opens it 
for spacing. This action is made to key a tone by means of a tone keyer such as that 
shown in Fig. 2. The equivalent results can be accomplished by purely electronic means 
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Fie. 2. Circuit Diagram of a Tone Keyer 


applying the same general principles. Tone keyers are also used at the receiving station 
by means of which the incoming signal is made to key a tone for transmission to the central 
office. 

TONE SIGNAL CONVERTERS. At the transmitting station the tone signals must 
be converted into d-c signals to key the transmitter. The device for accomplishing this is 
known as a tone signal converter and may take the form shown in Fig. 3. This embodies a 
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Fia. 3. Circuit Diagram of a Tone Signal Converter 


threshold device for suppressing low-level noise and for preventing tails on the characters 
from causing “heavy” signals. It embodies a limiter for cutting off the tops of the signals 
and a low-pass filter to smooth out the rectified tone and thus to keep the signals from 
being modulated by the tone itself. The gain control is used for setting the level of the 
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tone signals, which usually have been rounded by passing through the wave filters of the 
tone channel to give the correct ‘‘weight” of signals in the transmitter. Lowering the 
gain makes the signals lighter, and raising it makes them heavier. 

RECORDER DRIVE. At the central office the incoming tone signals must be con- 
verted to direct current to drive the ink tape recorder or printer relay. The device for 
accomplishing this may take the form shown in Fig. 4. A simple tone rectifier circuit will 
usually suffice for driving the printer relay for printer service. 
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Fig. 4. Circuit Diagram of a Recorder Driving Unit 


BANDWIDTHS. The transmission of keyed tone signals requires a definite band 
which must have a width roughly proportioned to the keying speed. Satisfactory service 
may be achieved by allowing for the transmission of no more than the first side frequency 
of the keying speed under stable input conditions and stable transmission characteristics 
such as are normally achieved in first-class lines. Thus for 125 words per minute Morse, 
1.e., a keying frequency of 50 dots per second, the usable channel width must be at least 
100 cycles. For unstable conditions it is desirable to transmit the first, second, and third 
side frequencies. Thus, a 100-cycle band width will be suitable for speeds of 42 words 
per minute. In actual practice 100-cycle bands have been found suitable for speeds up to 
60 words per minute. 
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FACSIMILE TRANSMISSION AND RECEPTION 


By Maurice Artzt 


SCANNING SYSTEMS 


Facsimile is defined to include all systems whereby a picture is broken into separate 
picture elements, these elements being transmitted by some connecting means to a distant 
recorder where they are reassembled into their original positions to form a copy of the 
original. The word “picture” in the above statement includes also diagrams, typing, 
handwriting, photographs, and any other form of printed or written material. 

Three distinct operations are performed in the transmitting and recording of facsimiles: 
first, the breaking up of the picture in some orderly manner into its separate elements of 
varying shades, this process being called scanning; second, the transmitting of these ele- 
ments to the recorder by means of signals arranged to represent the electrical equivalent of 
these elements; third, the rebuilding of these signals by a recorder into a printed copy of the 
original by a reversal of the scanning process. 

A fourth part of a facsimile system, supplementary but very necessary, is a method of 
synchronizing the recorder and scanner. The timing of the signals received must agree 
exactly with the timing of the recorder, in phase as well as frequency, if the copy received is 
to be undistorted. 

In the following articles the terms used are in accordance with the definitions and stand- 
ards as set up in 1942 by the Institute of Radio Engineers. See the first reference in the 
Bibliography. 


1. PICTURE ELEMENTS 


In processing a picture by facsimile, the picture is resolved into dots, or picture elements, 
similar to the small dots used in printing a picture in a newspaper or magazine. These dots 
are obtained by ‘‘screening’”’ in the printing process; they are obtained by scanning in 
facsimile. 

Halftones in newspaper work have from 60 to 120 dots, or picture elements, per inch, 
whereas fine magazine printing may use as many as 250 dots per inch. In facsimile the 
limits are of about the same order, almost all present facsimile systems using 100 dots (or 
lines) per inch, as an average. Each picture element in a facsimile is sent as a separate 
signal. If the number of dots is too high, the speed of transmission is very slow; if too few 
elements are used, the detail will not be good enough. To send a picture of 100 dots per 
inch requires as many as 10,000 separate signals per square inch of surface covered. 

Figure 1 illustrates the difference to be expected between 50 and 100 lines per inch, when 
the subject matter is ordinary typing. Some of the type would be unreadable if only 50 


(a) 50 lines per inch (b) 100 lines per inch 
Fic. 1. Difference in Detail for 50 and 100 Lines per Inch for Typewritten Letters 


lines per inch were used, as can be seen by the poor formation of the a. The 100-line-per- 
inch detail, though not forming perfect letters, leaves no doubt as to their identity. In 
commercial facsimile, letters from ordinary typewriters often comprise the original, and 
approximately 100 lines per inch are necessary to insure readability. 

Dots per inch and lines per inch are used interchangeably in the above paragraph, a 
practice which is not always permissible. Some facsimile systems break the subject up into 
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dots and send a separate signal for each dot, whether white, black, or gray. Others, how- 
ever, break the sheet up into parallel lines and send signals only for the black areas as en- 
countered. Hach line is then a continuous signal, varying in intensity with the shading of 

1 the original, and not made up of an exact number of picture elements as the dotted picture 
is. The detail limits are the same in either case, and the maximum number of picture 
elements per square inch is the same. 

These picture elements, as observed by the scanner in the process of transmission, will be 
of two general types, either of the simple black-and-white variety, such as typing, line 
drawings, and so forth, or of the halftone variety, in which all shades of gray from white 
to black may occur. Two separate types of scanners are not necessary, but the amplifier 
equipment will sometimes be different. Any system capable of transmitting and recording 
halftones will also operate properly on a purely black-and-white original, but the reverse is 
not necessarily true. 


2. SCANNERS 


A facsimile scanning system includes an optical-mechanical scanner designed to project 
a small spot of light on the subject copy, to gather the reflected or transmitted light from 


Driving motor 


Lead screw 


Orum shaft 


Lead screw gearing 


Fic. 2. Scanner with Traversing Optical System 


the subject into a phototube, and to bring all parts of the subject under this scanning spot 
in some orderly manner. The signals generated in the phototube by the varying light values 
reflected from the copy are then either amplified directly or processed in other ways to form 
a usable electrical signal of a type suited for the particular application. 

SCANNING METHODS. In the simplest form of scanning, regular lines are “‘ruled”’ 
across the sheet by this spot of light at some particular number of lines per inch, and signals 
are sent out representing each small area as it is encountered. The sheet is thus broken 
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into a number of narrow lines, all of the same width, and these lines are transmitted one 
after another until the entire subject has been covered. 

Scanning is generally done in only one direction and seldom back and forth. There are 
two reasons for this: first a unidirectional scanner is simpler to construct and requires less 
precision in gearing, and second the synchronizing system for back-and-forth scanning must 
be far more accurate. 

The simplest form of the scanner, and therefore the one most generally used, consists of a 
drum upon which the original subject matter is wrapped, and an optical system arranged to 
project a small spot of light on the surface of the paper. This spot is usually somewhat 
smaller than the width of one scanning line. As the drum is revolved, the optical system is 
moved relative to the drum the width of one scanning line for each revolution of the drum. 
The entire subject is thus gradually passed under the scanning spot. See Fig. 2. 

A phototube is arranged to pick up the light reflected from the surface of the paper, and 
this light reaching the phototube will be varied in intensity by the different areas of black, 
gray, and white that may be presented to view. The output of the phototube will be a 
minimum for black and maximum for white and will represent electrically the scanning of 
the copy. This phototube output is then applied to the input of the amplifier system. 

All motions in the scanning process pictured in Fig. 2 are relative. Thus the optical sys- 
tem may be rotated in place of the drum, and the motion along the axis may be made by 
moving either the drum or the optical system relative to each other. All methods of 
bringing about this relative motion have been used. 

In one commercial type of scanner used for news picture transmission the drum is re- 
volved and moved along the axis by a lead screw cut on its shaft, and the optical system is 
stationary. See Fig. 3. 
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Fia. 3. Scanner with Stationary Optics and Drum Feeding for Line Advance 


As facsimile speeds have increased, the time required to load the subject on a drum has 
become an increasingly greater proportion of the total time of transmission of the copy. 
Various ingenious methods of loading and scanning have been devised to minimize this 
loss of time. In one form of scanner designed for rapid loading, the subject is wrapped face 
in around a transparent cylinder, and the optical system is rotated inside this cylinder. 
See Fig. 4. By this method the scanning process does not have to be stopped to remove one 
subject and put anotherin place. Thus the time to resynchronize and rephase for the next 
subject is not lost, and the time between succeeding subjects is reduced. 

In all scanners illustrated thus far the original must be of such size that it can be properly 
clamped on the scanning drum. Thus copy width must be approximately the cireumference 
of the drum, minus the separation between clamps. The length is not so restricted and may 
be anything up to the length of the drum. Another type of scanner in which width is not 
restricted except as to a maximum value is shown in Fig. 5. The subject is placed face in 
on a stationary transparent semicylinder and held there by a curtain (not shown). Two 
microscopes and light pick-up systems are rotated and traversed inside to scan the copy. 
The two optical systems are set exactly 180° apart and in the same plane so that the signals 
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generated in the single phototube will be the equivalent of that from a single optical system 
scanning a complete cylinder. With this scanner, unloading and reloading takes only a few 
seconds as the copy is not clamped to hold it in place. As two optical systems are used the 
shaft speed will be one-half that of an equivalent drum scanner. 


Stationary half nut 
Lead screw 


Scanning point 


Fia. 5. Scanner with Internal Optical System Feeding for Line Advance 
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In one other type of scanner used for telegraph service reloading with the next message is 
accomplished by dropping out the drum and copy when scanning is completed and re- 
loading with another drum containing the next message from a hopper feed. This is done 
automatically, and provision is made for accommodating a number of additional message- 
carrying drums so that the messages follow one another in rapid succession. 
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3. SCANNER AMPLIFIERS 


The signals generated by the phototube will vary in amplitude with the shading on the 
subject being scanned, and in frequency with the speed of the scanning spot and the kind of 
subject copy. The highest frequency will be determined by the size of the smallest ‘‘dot”’ 
it is expected to transmit; the lowest frequency will be zero or a direct current to represent 
the large areas of white or black encountered in nearly all types of copy. 

FREQUENCY SPECTRUM. The highest frequency is determined as follows: Take 
the width of the smallest ‘‘dot’’ it is expected to transmit and rule a pattern of lines of this 
width, separating them by the width of the dot. Ifthe scanning is to be at 100 lines per inch 
then these lines will be 0.01 in. in width, 50 to the inch, and separated by 0.01 in. Such a 
pattern is shown in Fig. 6A. The fundamental keying frequency of the phototube current 
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Fic. 6. Aperture Distortion of Signals 


when scanning such a pattern would be 50 cycles per inch per second of spot speed. If the 
scanning line were 9 in. long and the drum speed 100 rpm, the fundamental keying frequency 
would be 50 x 9 x 100/60 = 750 cycles per second. 

Higher harmonics of this fundamental keying frequency will be present as the subject 
scanned is a square wave pattern. If the aperture of the scanner were infinitesimal in 
width along the scanning line the phototube signal would be a square wave as in Fig. 6B 
and would be very rich in harmonics as'shown by the Fourier series under this figure. This 
perfect signal is never realized in practice, nor is it desirable, for the greatly increased band 
width needed for transmission is not justified by the small increase in recorded detail over 
that obtained by carrying only the fundamental keying frequency. 

As the aperture is made wider the higher harmonics become less important. When the 
aperture is the width of the scanning line the triangular wave in Fig. 6C is obtained. Here 
the fundamental is 81 per cent and the third harmonic 9 per cent as compared to 127 
and 42.5 per cent for the square wave. When the aperture is one-half the width of the 
scanning line, a condition normally used in many scanners, the wave in Fig. 6D is obtained 
where the fundamental is 115 per cent and the third harmonic 12.75 per cent. When using 
this size of aperture very little difference can be noticed in the recorded copy whether the 
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third harmonic is carried or suppressed. For a more complete analysis of scanning see 
Section 20, Television. 

Almost all facsimile systems therefore carry only through the fundamental keying fre- 
quency as the upper limit of the band necessary for transmission. In the illustration given 
where this fundamental frequency was 750 cycles the signals from the phototube would 
have a frequency spectrum of 0 to 750 cycles per second. This then is the input signal to 
the scanner amplifier system, and, as the light reflected into the phototube is small, the 
input signal is usually very low in amplitude. 

TYPES OF SCANNER AMPLIFIER SIGNALS. The type of amplifier used in either 
amplifying or processing the phototube signal will depend on the types of signal to be used - 
in transmission, and this in turn will be governed to some extent by the transmission me- 
dium, whether it be wire line or radio. As the lower frequency limit is zero, ordinary 
a-c coupled audio amplifiers cannot be used. In order to carry this zero frequency or d-c 
component, the phototube signal is usually caused to modulate a carrier wave either in 
amplitude or frequency. For transmission over wire lines the carrier frequency will be 
chosen just high enough to carry the highest keying frequency. For radio transmission 
the radio carrier itself can be amplitude or frequency modulated directly by the facsimile 
signals, or a phone-type transmitter may be used and the facsimile modulation carried on an 
audio subcarrier as for wire line transmission. Finally, for short distances over wire line 
where no repeater stations or coupling transformers are used, a straight d-c amplifier may 
be used between phototube and line. As it is difficult to maintain drift-free operation of a 
d-c amplifier with sufficient amplification, this last method is seldom chosen. 

The signals transmitted to the recorder may thus be of any one of the following types: 


1. Subcarrier amplitude modulation (SCAM). 
2. Subcarrier frequency modulation (SCFM). 
8. Radio carrier amplitude modulation. 

a. Direct without subcarrier. 

b. With SCAM. 

c. With SCFM. 
4, Radio carrier frequency modulation. 

a. Direct without subcarrier. 

b. With SCAM. 

c. With SCFM. 
5. Direct-current signals. 


For wire line transmission, signals of type 1 or 2 are commonly used, with 5 occasionally 
on short control lines, for instance between scanner and radio transmitter. It is more usual, 
however, if d-c signals are wanted to contro] a radio transmitter, to transmit signals of 
types 1 or 2 on the control line and detect to obtain the d-c signals for control purposes. 

For radio transmission over long distances signals of types 3c or 4a are normally used 
as they give the most reliable results. For short radio circuits, as for instance local 
coverage for broadcast facsimile service, 3c, 4b, or 4c can be used on existing voice trans- 
mitters. 

Signals of types 3a and 3b are unreliable except for very short distances and have gen- 
erally been supplanted by 3c if an a-m radio transmitter is used. 

TYPES OF SCANNER AMPLIFIERS. It can be seen by the general usage of the 
various signals that the two important types of amplifier systems will be either for am- 
plitude-modulating a subcarrier or frequency-modulating a subcarrier. Where d-c signals 
are required it is customary to use either one of these and then detect after amplifying to 
the desired level. 

SUBCARRIER AMPLITUDE MODULATION METHODS. There are three general 
methods of obtaining signals of this type. First, from the standpoint of the length of time 
it has been in use, is scanning with chopped light. If the light reaching the phototube is 
made to flicker, either by modulating the light itself or by using a mechanical shutter or 
chopper, the output voltage developed by the phototube will not be a direct current but a 
pulsating voltage which may readily be amplified by an ordinary a-c amplifier. 

The minimum frequency of chopping will be determined by the fundamental keying 
frequency of the scanning process; the chopper frequency will be the carrier frequency and 
must be high enough to carry the shortest ‘‘dot.’’ In practice the chopper frequency is 
usually made between 2 and 3 times the fundamental keying frequency, with 21/2 a good 
average. In the previous example, with a keying frequency of 750 cycles per second, a 
carrier or chopper frequency of about 1800 cycles would be used. The total bandwidth 
transmitted would therefore be 1800 + 750, or 1050 to 2550 cycles. This bandwidth is 
narrow enough to be carried on regular voice telephone circuits and is so used for many news 
picture transmissions. 
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When an ordinary incandescent lamp is the light source, the chopper can be either a ro- 
tating disk with holes or slots, or a ribbon or reed vibrating in a magnetic field. When a 
glow-discharge lamp is the light source, such as used in some types of recorders, the light 
can be modulated directly without me- 


chanical shutters. The same lamp can 
thus serve for scanning or for photo- CONDENSER - LAMP 
graphic recording on the same machine. iL» o 
Two other methods of obtaining a-m ZT; MICRO SCOPE 
1645 PHOTOTUBE 


signals are shown in Figs. 7 and 8. In 
the first the carrier is fed to the special 
phototube in a balanced bridge circuit, 

and a balance for minimum output SCAM 
signal is obtained by means of the vari- OUTPUT 
able resistor and capacitor with the 
phototube dark. As light from the sub- 
ject copy increases, the tone output of 

the phototube increases and a true 

modulation results. A simple audio :A 

amplifier to build up the modulated jRnacacar ian ainaay WOR ECT: 
$ Oey IGs Ks ubcarrier AmMpltude-mo: a 1g 
eed erica apie follows the nals Obtained by BAlaneed SraTnane Cireult a 
In Fig. 8, the carrier is fed at 180° phase difference to the two screens of a pair of screen- 
grid tubes. The plates are connected together so the outputs of the two tubes oppose each 
other. By proper balancing of grid biases the output tone may be balanced to zero with 
the phototube dark. As light to the phototube increases, the bridge is unbalanced and the 
difference in output of the two tubes is obtained. With this circuit it is also possible to 
balance for minimum signal with 


maximum light for white on the 
CAM phototube, and the output tone 
OUTPUT ill then be a maximum for 


= black. Thus either positive or 
negative modulation may be ob- 
tained by shift of the balance ad- 

CARRIER justments. 
INPUT In either of these circuits the 
frequency of the introduced car- 
rier must be high enough to carry 


Fic. 8. Subcarrier Amplitude-modulated (SCAM) Signals the maximum keying frequency, 
Obtained by Balanced Modulator as explained previously with the 


light chopper systems. 

SUBCARRIER F-M METHODS. In this type of signal black is transmitted at one 
frequency, white at some different frequency either higher or lower than that for black, 
and intervening shades of gray at proportionate frequencies between these two limits. A 
more complicated relationship exists between carrier, keying frequency, frequency swing, 
and bandwidth required than with the a-m subcarrier. This is, of course, a true frequency 
modulation and follows the same rules on sidebands as frequency modulation on a radio 
carrier. (See Section 8 on frequency modulation.) However, it has been found that, with 
a unity ratio of maximum keying frequency to the total frequency swing from black to 
white, the usable bandwidth will be confined to about the same overall limits as the a-m 
subcarrier with both upper and lower sidebands. Again, as with SCAM, the lowest carrier 
frequency must be high enough to carry the shortest dot, so the low end of the carrier 
swing should be at least 2 times the keying frequency. For the example with a keying 
frequency of 750 cycles, the carrier may swing from 1500 to 2250 cycles in going from 
white to black, and the total band spread (for all side frequencies greater than 10 per cent) 
will be from 1125 to 2625 cycles. The mid frequency for middle gray will be 1875 cycles, 
and only the first side frequency of + 750 cycles need be carried. 

This is only a deviation ratio of 0.5 at the highest keying frequency, but for all other pic- 
ture frequencies the ratio is higher and for solid white backgrounds’is practically infinite. 
The signal-to-noise improvement over SCAM averages at least 12db for the usual subject 
matter transmitted. Still greater improvement in signal-to-noise ratio would result from 
increased swing, but at an increase in bandwidth that is not justified in most facsimile 
services. 

Two methods of obtaining this type of signal are in use. The first, shown in Fig. 9, con- 
sists essentially of a beat oscillator with one of the oscillators being shifted over a small 
percentage of its frequency by a reactance tube. As the light to the phototube increases, 
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the frequency of the variable oscillator will be lowered. The two oscillators are set at 
sufficiently high frequencies so that the reactance tube can readily swing the required 
number of cycles without changing amplitude. For the swing of 1500 cycles on white to 
2250 cycles on black the fixed oscillator could be set at 100,000 cycles and the variable one 
swung over the range from 102,250, with the phototube dark, to 101,500 cycles with the 
phototube receiving maximum light for white. 
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Fia..9. Use of Reactance Tube and Beat Oscillator to Obtain Subcarrier Frequency-modulated (SCFM) 
Scanner Signals 


A second method of obtaining SCFM signals directly, without heterodyning to obtain 
the low frequencies, is shown in Fig. 10. A resistance-capacitance oscillator of the 
180° phase shift type is varied in frequency directly by using a tube control system as a 
variable resistor in one mesh of the phase shifting ladder network. When the control tube 
has zero input (phototube dark) the bias is adjusted to set the low-frequency end of the 
swing. As light to the phototube increases, the tube resistances decrease and the frequency 
of the oscillator is raised. Input volume from the phototube is adjusted so that the high- 
frequency end of the swing is just reached for white. When the proper network and tube 
constants are chosen, a linear range as high as 2 to 1 in frequency may be obtained with 
little change in amplitude. 
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Fig. 10. Use of Tube Control on RC Oscillator to Obtain Subcarrier Frequency-modulated (SCFM) 
Scanner Signals 


This circuit, when connected as shown, will give positive modulation, that is, an increase 
in frequency for an increase in light. To obtain negative modulation a reversing tube 
may be connected between the control grid and phototube, or the phototube may be 
pei and connected anode to grid, and cathode to a negative supply potential below 
ground. 

The changes in frequency with this circuit are very nearly instantaneous, because there 
is little stored energy in the network. At the same time, the frequency stability is adequate 
for the purpose. 

It is sometimes necessary to use an existing scanning amplifier system having a-m output 
and still transmit signals of the SCFM type. A converter is then used in which the SCAM 
signals are rectified and filtered to obtain the original facsimile signals, and these are then 
applied to the control grid of an SCFM generator of either of the above types. 
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RECORDING SYSTEMS 


A perfect facsimile recorder will build up a copy of the signals exactly as received, adding 
or subtracting nothing, and thus deliver a recording limited in detail only by the scanner 
and intervening transmitting circuit. The finished picture will be almost identical in ap- 
pearance to the original copy. 

Of the many recording methods, the four most generally used will be described here: 
photographic recording; wet electrolytic recording; dry electrolytic recording; and carbon- 
paper recording. Each of these systems has advantages possessed by none of the others 
and, therefore, will have particular uses to which it is the best adapted. 

The length of the scanning line and the number of scanning lines per inch are generally 
the same as for the scanner, but this agreement is not necessary. The recorder copy may 
be made smaller or larger than the original by properly choosing the proportions of scanning- 
line length to line advance. The product of the total length of the scanning line and the 
number of lines per inch is called the index of cooperation; if this value is held constant, any 
size recording may be made with all dimensions correctly proportioned to those of the 
original copy. Thus, if the scanner has a total line length of 9 in. and is transmitting at 
100 lines per inch, the index of cooperation would be 9 x 100 = 900. If it is desired to 
receive this picture on a recorder having a scanning-line length of only 4.5 in., the line ad- 
vance would be made 200 lines per inch, and the received copy would be exactly one-half 
size. 

Other than this index of cooperation, the other essential factor is the number of lines 
transmitted per minute. This is (often) termed ‘‘strokes,’’ and the ‘‘per minute,’’ which 
should be added, is understood. Thus the numbers 40-900 would signify a facsimile picture 
having an index of cooperation of 900 and transmitted at the rate of 40 strokes per minute. 


4. PHOTOGRAPHIC RECORDING 


In recording photographically, the sensitized paper or film is generally wrapped on the 
surface of a drum and is scanned by a small spot of light. The light spot is varied in in- 
tensity or size to record the different values of picture density. It may be varied in several 
ways—electrically, mechanically, or by means of polarization. In the electrically varied 
light, a neon or other gas discharge lamp is modulated in intensity by the signals. With the 
mechanical system, the light is steady, and varied either in intensity or size of spot by 
means of a vibrating shutter or diaphragm. In the polarized system, the Kerr cell is 
interposed between the light source and the picture drum, and the light is polarized before 
reaching the cell. The angle of polarization of the cell is changed by the picture signals, 
allowing more or less light to reach the picture. 


‘Film or Sensitized Paper 


Light Spot 


Point Source 
Neon Lamp 


Fia. 1. Photographic Recorder, Using a Neon Lamp 


The first method is more generally used in this country, and a simple recorder of this type 
is shown in Fig. 1. Here the lamp is of the ‘‘point-source”’ type. An intense illumination 
is produced in a small aperture within the lamp itself, and an image of this aperture is 
projected onto the surface of the drum by alens system. The spacings of the lamp and lens 
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system are so arranged that the aperture image is exactly the width of a scanning line. If 
several values of line advance are to be used with the same optical system, a variable 
diaphragm is introduced to regulate the size of the image to the proper value for the line 
width desired. 

The relative motions of the optical system and drum may be any of those used in the 
simple drum scanner. Usually the drum is rotated while the optical system is gradually 
advanced along its surface. 

The second method of photographic recording involves ‘‘valving”’ the amount of light 
reaching the paper from a steady light source, usually a tungsten-filament lamp. This can 
be done by placing an oscillograph mirror and aperture in the light path, the position of the 
mirror being varied electrically to change the area of the aperture exposed. As the amount 
of light will be directly proportional to area, a smooth variation of light with signal is ob- 
tained. Another method consists of placing a thin ribbon in the light path, just closing an 
aperture. As the ribbon is twisted by the incoming signals, light is allowed to pass through 
the aperture on both sides of the ribbon. This system produces a ‘‘variable width line” 
type of recording similar in appearance to a zinc etching, or, if the aperture is placed at 
90° to the scanning direction, it will produce lines of constant width but variable density. 

In the third method of using polarized light, a Kerr cell is utilized to change the light 
intensity. The optical system consists of two Nicol prisms placed between the light source 
and the aperture. These prisms are polarized in the same plane and therefore pass light 
through the system. The Kerr cell is interposed between the prisms, and applying signals 
to its polarizing plates will change its light-polarizing properties. The amount of light 
leaving the system is therefore controlled, and a true modulation of the light may be ob- 
tained. This system has been used for a number of years in Europe. 

The photographic system is far the most accurate in its ability to reproduce completely 
the signals received and therefore is used in almost all commercial picture circuits. It has 
one serious disadvantage, however, in that the received picture must be developed before 
the results are known. The machine must be loaded and operated in the dark. In a fast 
service this developing is quite a handicap, and the fact that the picture cannot be seen until 
developed allows possible errors in the setting of the equipment to go unnoticed until the 
full time of transmission and developing has elapsed. 

Most picture circuits are operated at speeds of 6 to 10 square inches per minute, this 
low speed usually being due to circuit limitations. With adequate light and sensitive films, 
the photographic recorder is capable of speeds far in excess of this value. 


5. WET ELECTROLYTIC RECORDING 


Hlectrolytic recording is similar to photographic recording in chemical action but has the 
advantage of being visible at once, or almost at once. It may or may not require some 
form of processing to make the recording permanent, depending on the chemicals used. 

The principle of operation is that certain chemicals turn very dark when an electric 
current is passed through them. If a paper is saturated with such a chemical and scanned 
by a stylus contact, it may be darkened by current at each signal for black and thus build 
up the facsimile picture. 

The common solutions are organic dyes, though silver or iron salts have sometimes been 
used as in photography or blueprinting. Some of these solutions react very rapidly but 
require high current density to bring about a dense enough black; others react with much 
less current but require some form of washing or fixing to prevent fading. 

One recording solution, which gives a dense black permanent recording, used a special 
steel printer bar that is gradually worn away in the recording process. This chemical 
process is capable of speeds up to 50 square inches per minute. The chemistry of the color 
formation is given in U. S. patent 2,358,839. Another type of recording solution, which 
uses a platinum bar that does not take part in the chemistry of recording, is given in U. 8. 
patent 2,306,471. The dye formed in this case may be any one of several of the azo dye 
family, and is usually of a deep purple color. Speeds up to 160 square inches per minute 
have been obtained with this type of solution. 

A machine using a stylus would be a simple drum scanner with a dragging contact point 
on the surface of the paper. Another form of electrolytic recorder requires a continuous 
roll of supply paper and prints one picture after another without reloading. One form of 
this continuous type of recorder is shown in Fig. 2. 

Here the scanning is done by a combination of a printer bar and a helix on opposite sides 
of the paper. The raised helix rotates at the same speed as the scanner drum, thus making 
one complete turn in the length of a scanning line. The point of intersection of this helix 
and bar will therefore travel across the paper once for each scanning line. Current for 
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printing is passed between the helix and bar, through the paper. The bar is sprung slightly 
and allowed to drag over the damp paper surface to secure good contact. 

In this machine the paper must be moist to conduct the printer current and allow the 
chemical reaction to take place. For the particular machine described, the paper is im- 
pregnated with the chemicals and kept at the proper moisture content by storing in sealed 
cans. The recorder itself is of moisture-tight construction so that the moisture in the paper 
is retained until after printing. 

In another form of electrolytic recorder a dry untreated paper is threaded through a 
trough containing the recording chemicals before being fed between the helix and printer 
bar. After printing it passes over a hot ironing roll to dry and smooth out the recording. 
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Fig. 2. Recorder Using Wet Electrolytic Paper 


The advantages of this type of recorder are its simplicity, its visible recording feature, 
and the extremely high speeds of which it is capable. Recording speeds as high as 80 or 90 
square inches per minute at 120 lines per inch definition are easily attained, allowing a 
full-sized page of 8 1/2 by 11 inches to be recorded in 1 minute. Though the handling of 
wet paper in the machine is awkward, this disadvantage is outweighed in many applications 
by the speed of recording. 


6. DRY ELECTROLYTIC RECORDING 


Several dry electrolytic recording papers have been developed for message service fac- 
simile recording: they are much easier to handle than the wet electrolytic papers, though 
not capable of as high a recording speed. The best known of these, trade-named Tele- 
deltos, has a light gray coating on a dense black paper base that has high electrical con- 
ductivity. When current is passed from a small stylus through the paper the metallic 
coating is burned away, leaving the black paper underneath exposed. The facsimile re- 
cording is built up by scanning with a stylus and partially or completely burning the 
coating where gray or black are to appear. See lig. 3. 
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The advantages of this type of recording are that a permanent copy is produced with no 
processing, the dry paper is easy to handle, and the recorder, with only a stylus and drum, 
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Fig. 3. Recorder Using Dry (Teledeltos) Paper 


Fine wire stylus 
Half-nut 


Recording blank of “ Teledeltos” 


Guide rail 


is mechanically simple. The disadvantages are that the contrast range of the finished copy 
is reduced by the gray background, and the halftone scale is not as linear as the photo- 
graphic or electrolytic recorders. These do not greatly affect its value for message service 
where the subject matter is almost entirely made up of typing or handwriting. 
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7. CARBON-PAPER RECORDING 


The first carbon recorder consisted of a stylus dragging over carbon and white papers 
wrapped on a drum. The stylus was moved down to give pressure for black, and lifted for 
white. This is a very simple form of recorder, but it has the disadvantage of the photo- 
graphic recorder in that the picture is not visible until the drum is stopped and the carbon 
paper removed. It has the advantages of cheapness and simplicity, and the picture re- 
quires no processing to be permanent. 

A later form of carbon recorder, illustrated in cross-section in Fig. 4, overcomes the dis- 
advantage of invisible recording. Here the scanning is accomplished with a helix and 
printer bar, as in the continuous electrolytic recorder. Carbon and white paper are fed 
between the bar and helix, and after this are separated so that the surface of the white 
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Fie. 4. Continuous-feed Carbon Recorder 


paper is visible only a few seconds after the printing process. The bar is not allowed to drag 
the paper but is normally held away from it by an electromagnetic drive unit. 

A signal for black depresses the bar, and a black dot is made by the pressure at the inter- 
section of the bar and helix. The carbon paper is drawn over guides and wound up on a 
take-up spindle. The white paper is fed by a knurled feed roll with a series of rubber idlers 
held against it, similar to the paper feed of a typewriter. 

Only one electromagnetic driver is shown for the printer bar. However, if wide paper is 
used, more than one driver may be necessary and the separate units will be equally spaced 
along the bar. 

This method of recording is very simple, uses cheap paper, and prints a very good copy at 
speeds up to 10 square inches per minute. It is quite reliable, and the complete copy, with 
no processing necessary, is visible only a few seconds after recording. Its limitations are 
also pronounced. The printer bar is necessarily heavier than a stylus, and therefore the 
speed of recording is limited. Almost any carbon paper that may be used here will be soft 
enough to smudge a little when rubbed in the fingers, the same as a carbon copy from a 
typewriter. More mechanical accuracy is required in building this printing bar than in the 
electrolytic recorder, as the bar and helix must be parallel to within a few thousandths of an 
inch. The depressive motion of the bar is quite small, and, therefore, a little discrepancy in 
lining up the bar and helix will result in failure of part of the paper to be printed to a full 
black. Damping of the bar to eliminate “‘bouncing” and echo printing is somewhat of a 
problem, but it can be solved by over-powering the printing mechanism and absorbing the 
excess power in a damping arrangement on the bar itself. 

One advantage mentioned separately here for emphasis is that this type of recorder may 
be used to print more than one copy at atime. If the printer bar action is made sufficiently 
powerful, several rolls of white and carbon paper may be threaded into the machine and a 
number of copies of the facsimile made at the same time. As many as 8 separate copies of a 
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message have been made experimentally. Also the carbon paper may be of the ‘‘hecto- 
graph” type and extra copies of the recording may then be made by the usual duplication 
process of hectographing. 


8. COMPARISON OF RECORDING METHODS 


The recording method chosen for some particular service will depend on the quality of the 
copy required, speed of transmission, cost of the recording paper, ease of operation, and 
many other factors. In a news picture service, quality of the finished recording is most im- 
portant, for the pictures are used as masters to make printing plates. Photographic re- 
cording is therefore used for all these pictures, the other factors being considered of less 
importance. Operating speeds are maintained as high as the wire lines or radio circuits will 
permit, generally 9 or 10 square inches per minute with 100 lines per inch detail. 

For message services, speed of transmission is the most important, with simplified equip- 
ment able to run unattended as a next requirement. With somewhat limited bandwidths 
available over wire lines, the high speed of the wet electrolytic process cannot be attained, 
and the dry electrolytic process with its simpler recorder structure more readily fits the 
requirements. Operating speeds up to 30 or 40 square inches per minute can be maintained 
with this type of recording, if the transmission band of the line will permit. The more 
usual speed over most lines available for this type of service is 16 to 20 square inches per 
minute. 

The requirements for broadcast facsimile of flash news services are primarily for medium 
speed, direct printing, and a minimum paper cost. Though the wet electrolytic recorder 
does not use the cheapest paper, it meets the other requirements on speed and direct 
printing. The copy appearance is pleasing, and the detail is adequate even at higher speeds 
than those now contemplated. Such broadcast services will probably be most effective at 
speeds of around 30 square inches per minute. Less than this is too slow, and higher speeds 
will tend to increase apparatus and paper costs too greatly. 

Carbon recording uses the cheapest paper and can run unattended for long periods of 
time. However, it is the slowest of the recording methods, owing to the mechanical motion 
required of the printer bar. Its highest operating speed at present is about 10 square inches 
per minute, inadequate for most services but sufficient in some special instances where 
speed is less important. 


9. RECORDING AMPLIFIERS 


The signals received for facsimile recording will usually be in the form of an a-m or f-m 
tone. This may be either the original SCAM or SCFM tone transmitted over line or radio 
by the scanner, or it may be one obtained by heterodyning in a radio transmission of direct 
frequency modulation. If of the SCAM type, the signals will be applied directly to one of 
the recording amplifiers described later. If of the SCFM type the signals must first be 
changed into an equivalent SCAM signal by limiting and then passing the constant- 
amplitude signal through a slope demodulating filter. 

Such a converter unit is shown in Fig. 5. The incoming SCFM signal presumably will 
have spurious amplitude modulation superimposed by fading if received by radio. or 
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changes in line transmission characteristics if received by wire line. Therefore it is first 
passed through a limiter amplifier of several stages, so that the limiter output signal will be 
of constant amplitude over wide changes in input level. This constant-amplitude signal 
then goes through either a low- or a high-pass filter, or both if pushpull output is desired. 
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These filters are designed to have slow, straight cut off slopes so that the amplitude of the 
output signals will vary linearly with frequency. 

In the circuit shown the two end frequencies of the SCFM swing are labeled f; and f2 for 
the white and black frequencies. If demodulated in the upper filter the output will be 
greatest for f; and least for fo, while the output of the lower filter is the opposite. For un- 
distorted demodulation these filter slopes must be linear beyond the band from /f, to fo by 
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the amount of the side frequency spread of the SCFM wave. For the previous example of a 
swing of 1500 cycles for white to 2250 cycles for black, and band spread from 1125 to 
2625 cycles, the filter slope must be linear over the entire range from 1125 to 2625 cycles. 

The output of either slope filter will be the equivalent of an SCAM signal in amplitude 
envelope and can be used in the printer amplifier in the same manner. 

Four simplified diagrams of printer amplifiers to actuate the various types of recorders 
are shown in Figs. 6, 7,8, and 9. The first two are suitable for photographic recorders using 
a glow discharge lamp to expose the film or paper. In each the SCAM signal is rectified and 
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Fig. 7. Printer Amplifier for Maximum Output Current with Maximum Signal Amplitude 


filtered by a capacitor across the volume control to obtain the facsimile signals. The output 
tube is then either driven to lower output current as signal amplitude increases, as in Fig. 6, 
or to higher output current as amplitude increases, as in Fig. 7. The particular one used 
will depend on the direction of modulation of the signal, and whether the drum is loaded 
with film to make a negative or with photographic paper to make a positive copy. 

For recorders using a pushpull magnetically driven printer, or driver units of a carbon 
recorder, these two types of amplifiers may be combined, as in Fig. 8. As signal amplitude 
increases, the upper output tube will be driven to lower current and the lower tube to higher 
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Fig. 8. Push-pull Printer Amplifier for Magnetically Driven Printer Systems 


current. When properly adjusted true pushpull output is obtained, and the sum of the 
two output tube currents will be constant. This constant-sum current can be used as shown 
in the cathode return bias resistor to furnish the threshold bias required by the lower 
output tube. 

For electrolytic recorders of either the wet or dry type it is a good safety measure to run 
the helix or recorder drum at ground potential. To accomplish this an amplifier such as in 
Fig. 9 may be used. A pushpull power amplifier at cut-off bias amplifies the SCAM signals 
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to a power level sufficient for printing. This a-c signal is applied directly between the 
ground drum and stylus for dry electrolytic recording, but it must be rectified and applied 
between helix and bar in the proper polarity for most wet electrolytic printing processes. In 
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Fie. 9. Printer Amplifier for Either“Polarity of Electrolytic-type Recording. With non-polarity sensi- 
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some of these the color forms on the anode side, in which case the bar is made positive with 
respect to the helix; in others the color forms on the cathode side of the paper, and so 
the bar is made negative. 


SYNCHRONIZING AND PHASING 


10. SYNCHRONIZING 


In every facsimile system, it is necessary that the recorder follow the scanner over the 
paper in order to produce an undistorted recording. The principle of synchronizing may be 
better understood by refer- 
ring to Fig. 1. For clarity 
the picture elements are 
shown much larger in pro- 
portion than they really are. 
As the scanner starts the 
picture on element 1, the 
Scanner Recorder recorder also starts on its 
element 1. As succeeding 
scanning lines are drawn, the 
recorder must follow exactly, or the copy will be distorted by a misplacing of the elements. 

Besides having the synchronizing correct, the recorder must be in ‘“‘phase’’ with the 
scanner, as illustrated in Fig. 2. Even though the two drums are rotating at exactly the 
same speed, if they are not in phase the border of the picture will be misplaced. The re- 
corder drum must start each scanning line at the same time the scanner is starting that 
scanning line, or, as shown in Fig. 2C, the border will be somewhere between the two edges of 
the paper instead of being exactly divided. Phasing and synchronizing become the same 
problem only if the phasing line of the picture, or border, controls the speed of the recorder. 
Where the synchronizing frequency is independent of the ‘‘phasing line,’”’ or of a much 
higher frequency than that of the phasing line, the two problems are separate and must be 
treated separately. This is generally the case in most commercial systems in use today. 
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Before going into the means of synchronizing and phasing, the effect of imperfect syn- 
chronizing should be shown, to illustrate the problem better. Figure 3 shows the effect of 
an error in synchronizing on a unidirectional scanning system and on a back-and-forth 
scanner. The error illustrated here is that the recorder is running faster than the scanner 
by a very small percentage. In scanning the vertical line in A, the recorder gets farther 
along its scanning line each time, moving the recorded line farther and farther to the right. 
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The result, in a unidirectional system, is shown in B. In a back-and-forth scanning system, 
the result is much more pronounced, alternate lines moving apart, asin C. The result, for 
the recorder being too slow, would appear the same with this method of scanning, while 
with the unidirectional system the line would have slanted down to the left instead of down 
to the right. 

The accuracy of the synchronizing may vary with the particular system. In commercial 
work, the necessary accuracy is very high. In asystem scanning at 60 strokes, 100 lines per 
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Fic. 3. Recorder Not Perfectly Synchronized 


-inch, and each line of 9-in. length, the total length of scanning line per vertical inch of 
paper is 900 in. In a picture of 10-in. length, this total scanning line length will then be 
9000 in. A good copy will be made if the total drift in the border of the picture is not over 
1/4 in. in this 10-in. length of picture. Thus, the synchronizing system must hold an ac- 
curacy of 1/4 part in 9000, or 1 part in 36,000. It must hold this rate for the whole trans- 
mitting time of nearly 17 minutes. Actually most commercial systems have synchronizing 
equipment accurate to 1 part in 100,000 or better. 

TUNING-FORK FREQUENCY STANDARD. In short-distance facsimile transmis- 
sion, as for instance local coverage of a broadcast facsimile service, the same a-c power 
supply is often available for both scanner and recorders. Synchronism is then simplified by 
driving both scanner and recorders with ordinary synchronous motors connected to the 
common supply. In long-distance transmission, or across the sea, this is not possible, and 
synchronism is generally maintained by controlling the motors of both scanner and recorder 
by accurate frequency standards. Such frequency standards usually take the form of very 
accurate tuning forks that will hold a constant frequency to within 1 part in 100,000 or 
better. Crystal standards could also be used, but, as the control frequency for the motor 
is usually low, less dividing of frequency is required with a fork. 

To hold the required accuracy, the fork is usually held at a fixed temperature by thermo- 
stat control, or a temperature-compensated bimetallic type of fork is used. Figure 4 shows 
one method of driving a tuning fork by using it as a resonant coupling circuit in a vacuum- 
tube oscillator. By changing the driving power supplied to the fork, a vernier control on 
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its frequency is obtained. The fork frequency may be amplified by tubes or thyratron in- 
verters to a power level sufficient to drive a synchronous motor directly, or it may be used 
in other ways to control motor speed. 

In one application, an 1800-cycle tuning fork is used both to supply carrier tone for an 
SCAM signal and is also amplified to a power of about 10 watts to drive an 1800-cycle 
synchronous motor. The synchronous motor is brought up to speed by a d-c motor, as it is 
not self starting. In applications where a standard 60-cycle synchronous motor is used, the 
fork frequency can be made 60 cycles, or divided down to 60 cycles from some higher 
frequency. 

MAGNETIC BRAKE SYNCHRONIZING. Another type of control circuit is shown 
in Fig. 5. An induction motor, or other type of motor having good speed regulation, is 
used to drive the recorder or scanner and is controlled to an exact speed by means of a 
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magnetic brake. A tone generator of the phonic wheel type is mounted on the motor shaft, 
having the correct number of poles to generate a frequency equal to the fork frequency 
at the correct motor speed. A phase comparison between this generated frequency and the 
fork control frequency is 
then used to vary the 
brake current and make 
the system lock into syn- 
chronism with the fork. 

A wave analysis of the 
brake action is shown in 
Fig. 6. The generated tone 
and the fork tone are each 
amplified and limited to 
give the two square waves 
u 1 e, and eg, as in Fig. 6a. 
RECTIFIER BRAKE TUBg These twowaves are added 

together algebraically in 

the mixer tube to give the 

waves shown in Fig. 6b and 

are full-wave rectified to 

) give the waves in Fig. 6c. 

The result is then the grid 

voltage of the tubes sup- 

plying the braking current, 
shown in Fig. 6d. 

Fie. 5. Magnetic Brake Synchronizing System Two conditions are illus- 

trated. The waves on the 

left side show the motor leading the fork by a small phase angle, and the pulses of brake 

current are of full amplitude but narrow in time, so that the average brake current is 

small. If the motor tries to speed up for any reason, such as an increase in line voltage or 

lightening of the mechanical load, it 

will advance in phase with respect FORK @, e@ ree 

to the fork. The waves on the right 


IMAGNET- 
Ic 


RECORDER TONE 
(OR SCANNER) GENERATOR 
115V 60~ 


side illustrate how the brake current y eb hy : 
A ° ° . 2 1 
pulses are increased in time width to 
give a higher average brake current | 4 H ; 
peat 


that tends to slow down the motor. 2 
The brake is thus turned full on, or a. LIMITER OUTPUTS, € AND G2 
full off, by the square pulses, and the 
correct average is obtained mechani- 
cally rather than by smoothing these 
pulses in a filter. Hunting is thereby 
almost completely eliminated. As 
the two waves are squared up before 
comparing, the change in ratio of 
time on to time off is a linear func- b. MIXER OUTPUT, (€,+€,) 

tion with phase-angle changes of zero 

to 180°. Geel tee ert) } ; 

As very effective brake action can 
be obtained by passing the pulsating 4 
direct current through the windings 
of an ordinary induction motor, a Cae eC SUMSCE (€.+@2) 
special design of brake is not neces- 
sarily required. This system is es- 
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changes in load or line voltage. 

START-STOP SYNCHRONIZATION. The first methods used for facsimile synchro- 
nization were generally of the start-stop type, and, although such a synchronizing system 
is now practically obsolete for facsimile, it is still used on some forms of automatic tape 
printers, such as the teletype. 

In start-stop systems, the scanner is generally operated at a constant speed and has ¢ 
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“phasing line” of a considerable time length. During this phasing line interval, the recorder 
will have finished its scanning line and stopped automatically. The scanner sends a pulse 
at the start of the succeeding scanning line, and a clutch, or similar mechanical apparatus, 
starts the recorder on the next scanning line. A governor-controlled motor, or some other 
fairly accurate drive, is used to maintain the recorder at a constant speed for the duration 
of each scanning line. 

The chief merit of this system is that the errors in speed of the recorder are not accumu- 
lated, each scanning line starting afresh. The greatest possible discrepancy in synchron- 
izing, therefore, is the error in any one scanning line itself, and this can be made quite small. 
The disadvantage is that the mechanics of such a system must be quite complicated, and a 
definite starting pulse must be received or the entire scanning line is lost. The speed of the 
entire system must, therefore, be quite slow to insure that these two factors do not interfere 
with the picture. A complicated scanning system cannot be started instantaneously at a 
high scanning speed, as allowances must be made for the inertia. Fading of the signal, if 
received by radio, would cause such a system completely to miss whole scanning lines if 
starting pulses were not received. 

For use by line, such a system has advantages, as an ordinary governor will synchronize a 
motor accurately enough for the purpose, and failure to receive a starting pulse is rare. 

OTHER SYNCHRONIZING SYSTEMS. Certain recording systems require no syn- 
chronizing at all, and such methods, sometimes used for cable transmission of pictures, 
involve setting up a certain number of picture elements by machine, or by hand, and sending 
a tape of this series of elements in numerical order. The recording is then assembled by 
hand, usually requiring a competent artist to give the picture a lifelike appearance. This 
method has been used for a number of years with great success over wire and cable. The 
Bartholemew-McF arlane system or, in shorter terms, the ‘‘Bartlane’’ system is a variation 
of this method. 

The synchronizing frequency of the scanner is sometimes sent over the radio or wire line, 
and an amplifier is used to build this signal up to a value where it is able to drive or control a 
synchronous motor on the recorder. Such methods are satisfactory on line transmissions 
and short radio circuits but cannot be depended on for long radio transmissions. 


11. PHASING 


The phasing of the recorder to the incoming signals can be accomplished either manually 
or automatically. The simplest manual method is to throw the recorder out of syn- 
chronism and let it drift until some indicator, such as a neon lamp fed by the phase signal 
pulses, indicates in phase, and then to re-establish synchronism to hold this position. 

In a simple automatic system, used on many news photo equipments, the recording drum 
is driven through a clutch, and a projecting ear on the drum is arranged to engage against a 
stop-pin having a magnetic release. At the start of the picture the drum is held in start 
position by this pin, and the clutch slips. When the start phase signal is received the drum 
is released and, being of low mechanical inertia, starts rotating almost immediately and in 
phase. The stop-pin is locked out automatically when tripped, so the drum continues to 
rotate for the duration of the picture transmission time. A phasing system suitable for a 
continuous recorder is shown in Fig. 7. A phase signal is transmitted at the start of each 
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scanning line, and this signal is selected out of the picture signals by frequency or amplitude 


discrimination. 
It is rectified and passed to the input circuit as a d-c pulse at the start of each line. In 
series with this input is a commutator that is closed at all times except for a short gap at the 
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correct phase position. When the recorder is running in phase, this gap opens the circuit 
for a slightly longer time than the duration of the phase pulse, so the tube receives no 
signal. If the pulse arrives at any other time, it passes through the closed portion of the 
commutator and causes the tube to draw a pulse of current to operate the relay. This 
opens the motor circuit momentarily and causes it to drop synchronism. To insure the 
relays staying open long enough for the motor to lose 1/2 or 1 cycle of synchronism, the con- 
tacts B of the relay connect the capacitor from relay coil to ground, and the charge current of 
the capacitor holds the relay in operating position for a fixed length of time. The resistor 
across this capacitor is too high to pass enough current to hold the relay in, but it bleeds the 
capacitor to zero charge between pulses. The motor is thus jogged out of synchronism 
once for each pulse received in an out-of-phase position, and this process continues until the 
correct phase position is reached, and the commutator again opens the pulse circuit at the 
correct time. 


TRANSMISSION CHARACTERISTICS 


12. WIRE LINE TRANSMISSION 


Transmission of facsimile signals by either wire line or radio puts more exacting require- 
ments on the circuit than telephone or telegraph transmission. This is largely due to the 
exact timing of the signals, which requires that delay equalization of a wire line be much 
more precise than for telephone work. Any appreciable difference in arrival time at the 
recorder of the high- and low-frequency components of the picture will show as transients 
and ghosts that exaggerate the outlines of objects in the picture and may even make typing 
unreadable. Accurate delay equalization is therefore required on all but short lines. 

The amount of delay equalizing necessary is also directly affected by the speed of the 
transmission and by the bandwidth required. For the previous example of a maximum 
keying speed of 750 cycles, the shortest dot to be transmitted is 1/1500 second, or 0.667 
millisecond. Any difference in delay equalization over the band of 1800 + 750 cycles, or 
from 1050 to 2550 cycles, should not exceed a fraction of this 0.667 millisecond or noticeable 
distortion will result. In this case, the line should be delay-equalized to + 0.25 millisecond 
over the 1050- to 2550-cycle bandwidth. In many long lines used for facsimile, this maxi- 
mum delay error of + 0.25 millisecond, over a band of 1000 to 2600 cycles, is maintained. 

If the speed of transmission were doubled, the maximum permissible delay error would be 
halved and the bandwidth doubled at the same time. The problem of getting good enough 
lines is therefore increasingly difficult as speed is increased. 

This exactness of delay equalization can be compared to regular voice circuits where 10 or 
even more milliseconds’ delay difference does not appreciably affect quality of speech. 

Where a-m signals are being used, the line must also be equalized for amplitude over the 
transmission band, but this is usually an easier problem. Where SCFM signals are used the 
amplitude characteristic of the line is relatively unimportant, but the delay characteristic 
must be as good as for SCAM signals. 

For short transmissions of less than 100 miles portable scanners are sometimes operated 
into ordinary coin-box phones and over regular long-distance lines. This practice is satis- 
factory in some cases, but distortion is much greater than over the specially equalized lines, 
and picture quality is therefore lower. 


13. RADIO TRANSMISSION 


Radio transmission is beset with more difficulties than line transmission and, for long 
distances, is generally slower. Many factors enter in long-distance radio transmissions, 
such as fading, multipath delays, interference, echos, and other forms of distortion that 
must be corrected for, or else the speed must be decreased until the particular distortion 
present is reduced sufficiently to be no longer objectionable. ; 

Rapid changes in transmission distance, due to varying heights of the ionized layers, 
give the effect of varying delay times on wire lines and are the limiting factor on speed of 
transmission. Some of the most pronounced effects can be eliminated by suitable directive 
antennas with limited pick-up angles, to eliminate the next higher order of skip or hop. 
When such antennas are used, and the proper choice of carrier frequency made for the dis- 
tance, speeds up to 10 sq in. per minute are generally possible on circuits as long as New 
York to London, and a speed of 6 sq in. per minute is very reliable. 

In earlier radio facsimile systems, dot-halftoning was developed so that a keyed on-off 
CW type of transmission might be used. Limiting the incoming signal then allowed most of 
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the results of fading to be removed. However, all present long-distance transmissions are 
made either by using SCFM on regular voice transmitters, or direct frequency modulation, 
or frequency shift of the radio carrier. The dot-halftone systems have therefore become 
obsolete, and at the same time speeds have increased from 2 to 3 times that possible with the 
dot systems. With either of these newer methods limiting can be done either at radio fre- 
quency for frequency modulation or at audio frequency for SCFM and fading can be 
largely removed. 

For short distances, or when using ultra-high-frequency relaying, the speed is not so lim- 
ited, for multipath troubles do not enter, and wide bands may be used. 


SPECIALIZED APPLICATIONS 


14. DUPLICATORS 


Many applications of facsimile have been made that illustrate that it is not limited solely 
-to the transmission of pictures over long distances. The scanner and recorder can be 
mounted on the same shaft and a duplicator, or copying machine, obtained. Two types of 
facsimile duplicators are in use, each having definite advantages over other forms of du- 
plicators in certain applications. 

In one type of duplicator a wet electrolytic recorder is combined with a rapid-loading 
type of scanner, such as shown in either Fig. 4, p. 5, or Fig. 5, p. 6. The speed of opera- 
tion is very high, 85 sq in. per minute, and a full-sized letter page 8 1/2 by 11 in. is copied in 
slightly over a minute, with 120 lines per inch detail. The wet paper passes over an ironing 
roll after printing, and a finished dry copy is thus delivered. 

As both scanner and recorder are rigidly coupled to the same driving motor, no synchro- 
nizing or phasing isrequired. The amplifier system from phototube to printer becomes very 
simple, as there is no transmission and reception problem over line or radio. 

This type of duplicator is useful where only a few copies each of a large number of 
originals are required. As reflected light is used the original may be opaque, entirely un- 
suitable for blueprinting. It thus compares with photo-copying (though the cost of the 
printing paper is less) but eliminates the necessity of developing and fixing. 

MULTIFAX. In Multifax, a master mimeograph stencil is cut by facsimile methods 
so that a large number of copies of the original may be made. Copy containing illustrations 
and diagrams that would be almost impossible to make up by ordinary means can thus be 
obtained in quantity, without going through more expensive printing processes. 

The scanner and recorder are on the same shaft, as in Duplifaz, to eliminate the need of 
synchronizing and phasing. The stencil is clamped on a recording drum and cut by a stylus 
which is vibrated at high frequency. While vibrating, the stylus is moved towards the 
drum for black and delivers a large number of blows to the stencil to displace the wax. The 
stylus is retracted for white so that it just misses touching the stencil. The vibrating stylus 
has no tendency to drag out or tear the stencil, as it would if pressure only were applied, and 
so much finer detail can be realized than with hand-cut stencils. 

A full letter-sized master stencil can be prepared from the original in 10 or 15 minutes by 
this method, about the time required for typing a stencil without illustrations. Another ad- 
vantage is that the original is prepared on white paper, and printed diagrams or illustra- 
tions may be pasted in place without being hand drawn on the stencil. 


15. TAPE FACSIMILE 


Tape facsimile systems are a special adaptation of facsimile in which the recording is printed 
on a narrow slip similar to that used in news tickers. The scanning may be optical or me- 
chanical, but the recorders for either type of scanning are usually of the helix and printer- 
bar type, somewhat like a miniature version of the carbon recorder. 

Where optical scanning is used, the message is typed, or handwritten, on the trans- 
mitting tape, and this original copy then fed through a scanner similar to that shown in 
Fig. 1. A spot of light is traversed across the width of the tape by the combination of a 
rotating prism and a fixed system’ of three cylindrical lenses and one right-angle prism. 
One stroke across the tape is obtained for each face of the prism that passes. These scan- 
ning lines are very short, usually 1/4 to 1/2 in. The phototube signals generated by the re- 
flected light are then used to obtain either SCAM or SCFM signals in the same manner as 
in any page facsimile scanner amplifier. 
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For mechanical scanning the transmitter takes a form similar to a tape-teletype machine, 
in which each letter is represented by a disk similar to an ‘‘Omnigraph” disk. Each disk 
is a commutator and keys a series of signals that will form a facsimile image of that char- 
acter when printed by the recorder. Operation of this form of tape scanner 1s then similar 


Phototube 


Fig. 1. Tape Facsimile Scanner 


to that of a teletype machine, but with the output signals coded for facsimile recording 
rather than for operating a typewriter type of receiver. 

Either type of scanner will operate the tape recorder shown diagrammatically in Fig. 2. 
The helix is very small for a scanning line as narrow as this, and it can be inked directly by 
the ink roller shown instead of by using a slip of carbon paper to supply the coloring matter 
as in the page type of recorders. Otherwise the recorder action is exactly the same as for 
the page carbon recorder shown in Fig. 4, p. 15. Tape systems are built for message service 
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Fic. 2. Tape Facsimile Recorder 


and do not need to have the fine detail usually required in a picture system. Whether op- 
tical or mechanical scanning is used, the characters transmitted are large block type to re- 


duce keying frequency and to get as large a number of words per minute as possible in a 
narrow chanpel. 
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The scanning-line length is very little greater than the height of a letter, so that there is 
little waste time in margins. For instance, if 3/1.-in. block type is used, the scanning line 
will be about 1/4 in. long. To transmit this type, the shortest dot necessary would be about 
0.020 in., and a maximum number of cycles per scanning line would be 6. With the con- 
stants of 60 lines per inch and 60 lines per second, 1 in. of tape per second is transmitted 
with a keying speed of not over 360 cycles per second. This tape speed of 1 in. per sec will 
represent about 60 words per minute. 

While this band of 360 cycles for 60 words per minute is about 8 1/2 times that required 
for the commercial automatic 7 unit codes, where 42 cycles (or bauds) per second represents 
60 words per minute, this disadvantage is largely offset in instances where signals are poor, 
or noise high. With tape facsimile, interference can obliterate a letter, but it cannot make 
it print a wrong one. 
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TELEVISION 


PRINCIPLES AND THEORY 


By A. V. Loughren 


Television is defined as ‘“‘the electrical transmission and reception of transient visual 
images.” * 

Television technique for monocular, monochrome pictures has developed sufficiently to 
lead to adoption by the Federal Communications Commission of standards for broad- 
casting. 


1. PHYSIOLOGICAL REQUIREMENTS 


The performance required of a television system is determined by physiological require- 
ments which must be met for the performance to be acceptable. Section 14 discusses 
these in detail. They vary from individual to individual, but generally acceptable design 
values for the several quantities have been arrived at based on extensive tests. These 
requirements include: 

Resolution. An observer with good eyesight is able to resolve successive contrasting 
objects individually subtending as little as 1 minute of arc. A square subtending 1 minute 
of arc on a side corresponds to a solid angle of approximately 1077 steradian. (Refer- 
ences l, 2, 3.) 

Field of View. A normal eye is capable instantaneously of critically observing a field 
of the order of 0.001 steradian. Since the eye direction can be quickly and readily changed, 
a much greater field than this is available within a very short interval of time. For sus- 
tained viewing of images the viewing distance of four to eight times the picture height 
chosen by most observers produces an image field of the order of 0.02 to 0.07 steradian. 
Such a field is 200,000 to 700,000 times the minimum resolvable solid angle (reference 3). 

Sharpness. Sharpness is the subjective quantity corresponding to the objective quan- 
tity “resolution.’’ Figure 1 shows the relation between sharpness and resolution; it in- 
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dicates that increasing the resolution by making the size of the figure of confusion less than 
1.5 X 107 steradian increases the sharpness only slightly (reference 4). 
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Brightness. Because of its essentially logarithmic response and its ability to control 
admitted light by means of the iris opening, the human eye is capable of observing objects 
whose brightnesses lie within the range from 4 X 10~ to 4000 ft-lamberts. It is found, 
however, that satisfactory viewing requires restriction of this range. Under conditions 
of low ambient illumination, highlight brightnesses as low as 1 ft-lambert are found ac- 
ceptable; however, under conditions of normal artificial and natural lighting indoors, high- 
light brightnesses as great as 200 ft-lamberts are desirable. Values of 10 to 100 ft-lam- 
berts are suitable for design purposes. 

Contrast. The total contrast range instantaneously perceptible to the eye is believed 
to be about 40,000: 1. However, reproductions exhibit contrast ranges from 10: 1 for 
rather unsatisfactory images to 200: 1 for the best photographic transparencies. Tele- 
vision pictures having a contrast range of 30: 1 have been judged reasonably satisfactory. 

Color. See Section 14 and references 5 and 25. 

Depth. See Section 14. 

Moving Objects. Ideally, reproduction of a picture of a moving object requires that 
each elementary area of the picture change synchronously with the corresponding changes 
in the original scene caused by the motion of the object. It is known, however, that the 
resolution of the eye for moving objects is much poorer than for stationary objects. It is 
consequently permissible to reproduce the picture at finite intervals rather than con- 
tinuously. For most purposes the interval of 1/24 sec is short enough to leave with the 
observer the illusion that motion is continuous rather than discontinuous. 

Shape and Size of Picture. A rectangular shape with the width equal to four-thirds 
of the height has been found generally acceptable. This ratio is defined as the aspect ratio. 

The minimum acceptable size for reproduced pictures is believed to lie in the range 
between 4 by 5.33 in. and 71/2 by 10 in. Smaller pictures produce fatigue within a short 
time unless special devices are worn by the viewer. The maximum acceptable picture 
size is determined primarily by the viewing distance available. For household use pic- 
tures up to 15 by 20 in. are suitable, while for use in halls and theaters much larger ones 
are appropriate. 


2. SUBDIVISION OF PICTURE; EFFECT OF SCANNING RATES 


Methods of transmitting and reproducing a television picture fall into two classes. 
Both classes depend on the subdivision of the scene into a sufficiently large number of 
elementary areas. In one class of system a separate transmission channel is provided 
continuously for each element. The large number of elements required for a satisfactory 
picture has shown systems of this class to be impracticable. In the other class, which all 
present practical systems use, the elements are connected to a single transmission chan- 
nel successively in an ordered sequence common to both transmitter and receiver. This 
process is called scanning. 

SCANNING. An area to be scanned is subdivided into elements each of which is 
connected to the transmission channel periodically in some regular sequence. In its 
simplest form the operation consists in starting at 
the upper left-hand corner of the picture, traversing 
successively the row of elements along the top of the 
picture from left to right, following with a similar 
traverse one element width lower, and continuing 
this process until the bottom of the scanned area is 
reached. A single traverse across the picture in one 
direction is called a scanning line. The complete 
scanning pattern is referred to as a raster. This 
process is shown diagrammatically, for a picture 
containing only a few scanning lines, in Fig. 2. 
The electrical frequency components produced by 
thus scanning a fixed image may be shown to con- 
sist of: (1) a d-e component; (2) components at the Fic. 2. Simple Raster 
vertical scanning frequency and its harmonics; (3) 
components at the horizontal scanning frequency and its harmonics; (4) components at 
sum and difference frequencies of the above. Physically the d-c component represents 
the average brightness of the image. The components at the vertical frequency and 
its harmonics represent bands extending horizontally across the picture. The com- 
ponents at the line frequency and its harmonics represent vertical bands. The compo- 
nents at sum and difference frequencies represent inclined bands. If the picture changes 
with time, side bands are added to some or all of these components (references 6 and 29). 
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Vertical Resolution. The scanning spot in the usual case is not rectangular nor does it 
exhibit uniform effectiveness over its area. As a typical example of this, Fig. 3 shows the 
distribution of light intensity over the scanning spot of a cathode-ray tube. If the spot 
moves rapidly in one direction, forming a line, its effective distribution in the other direc- 
tion assumes some such form as that shown in Fig. 4 at A. This figure also illustrates, 
at B, the condition under which a flat field of illumination is produced by the overlap of 
successive lines, and at C a line-to-line spacing which fails to produce a fiat field. Similar 
relations exist with respect to the scanning spot in the photosensitive device at the 
transmitter. 

The photo device at the transmitter should be adjusted to satisfy the flat-field criterion. 
Failure to do this results in a type of distortion known as ‘‘beads,” which is not susceptible 
of any subsequent correction. 

Vertical width of confusion, defined as the average width in the reproduced image of a 
very narrow line appearing before the transmitter, positioned at a slight angle with re- 

spect to the scanning lines, is equal to 


120 /2 times the scanning-line pitch (ref- 


erence 7). 

Horizontal Resolution. If the scan- 
ning spot of a pick-up device moves 
horizontally across a vertical line of 
negligible width, the resulting electri- 
cal impulse describes the horizontal 
characteristic of the spot. Typical 
forms of this impulse are shown in 
Fig. 5. The width of a rectangle hav- 
ing the same maximum height, and 
including the same area as the spot 
characteristic (as shown dotted in 
Fig. 5b), is an approximate measure 
of the duration of the impulse. Since 
20 é : the spot is traveling at a fixed velocity, 
the abscissa in Fig. 5 represents not 
only time but also distance. It may, 
for analysis, be transformed into 
ae steady-state amplitude and phase 


Relative Intensity of Illumination 
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Distance Along Diameter—mm characteristics as functions of fre- 
Fia. 3. Distribution of Intensity across Scanning Spot Guency (for example, by means of the 
(After Zworykin, Proc. I.R.E., Dec., 1933) Fourier integral theorem). The effec- 


tive band width may be expressed 
approximately by the width of a rectangular area having the same maximum height 
and same included area as the frequency characteristic. It may be shown that to a useful 
approximation the effective spot width in seconds (or microseconds) is related to the ef- 
fective band width in cycles (or megacycles) by the equation: 


t= S 1 

2 ie 
where t is the time-duration of the equivalent rectangular electrical transient and f, is the 
cutoff frequency of the equivalent rectangular frequency characteristic. A signal gen- 
erated by a scanning spot moving across a narrow line as just described, transmitted elec- 
trically and reproduced by a reproducing device, will have its frequency spectrum modified 
both by the electrical circuits and by the equivalent transmission characteristic of the 
spot of the reproducing device. These several characteristics may be multiplied together 
to produce the overall transmission characteristic of the system. The corresponding ef- 
fective horizontal width of confusion is then obtained by applying to this characteristic 
the inverse transformation by means of the Fourier integral theorem. As an approxima- 
tion, the effects of several sources of limitation on the frequency band width, connected in 
cascade, on the effective overall band width, and on the duration of the shortest repro- 
ducible impulse are given by the equations 
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and 
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So long as the frequency characteristic 
or the transient impulse form reason- 
ably well approximates the error func- 
tion 

y=e? 


the relations given above are close ap- 
proximations (references 7 and 8). 

The scanning spot is usually symmet- 
rical and thus exhibits no phase distor- 
tion. The electrical circuits, however, 
are potential sources of phase distortion. 
Phase distortion affecting low-frequency 
components of the reproduced picture 
tends to alter the vertical or lateral 
shading of the picture. Phase distortion 
affecting high-frequency components 
tends to give the picture a ‘“‘bas relief’ 
effect in which edges of objects in the 
image may be preceded or followed by 
bright or dark outlines. Sharp cutoff 
in the amplitude characteristic produces 
“overshoots” superficially similar to 

‘high-frequency phase distortion. The 
two effects differ in that if a symmetrical 
object is scanned the distortion due to 
sharp amplitude cutoff will be itself 
symmetrical, whereas that due to phase 
distortion will be opposite in its char- 
acter on the two sides of the image (ref- 
erence 9). 

FLICKER. Flicker is not inherent in 
television. It is a consequence of the 
use of scanning in conjunction with 
picture display devices in which energy 
is supplied to a given elementary area 
of the display device for only a minute 
fraction of the total time. The use of 
such display devices with the scanning 
sequence of Fig. 2. at a picture repeti- 
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A major improvement is obtained 
by interlaced scanning. In this form of scanning, shown in Fig. 6, the vertical component 
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of velocity of the scanning spot is doubled as compared to that of Fig. 2 so that while the 
spot crosses the picture from left to right it falls an interval equal to twice the distance 
between scanning lines. If, therefore, the spot starts at the top center to trace line 1, 
after completing line 1 it goes to the left-hand side of the picture and starts line 3, con- 
tinuing in this manner until it reaches the bottom right side of the picture. At this point 
the vertical retrace takes place and the spot returns to the top left of the picture and 
starts to scan line 2, followed by lines 4, 6, etc., until the lower center of the picture is 
reached. (For purposes of illustration the vertical retrace time is assumed to be very 
small.) This method of operation has the conse- 
quence that for an observer at such a distance that 
he just fails to resolve individual scanning lines the 
effective flicker frequency has been doubled; thus, 
very much greater brightness is permissible without 
any increase in the picture repetition rate. This 
advantage is only slightly impaired when the ob- 
server’s distance is such that he can commence to 
resolve individual scanning lines. The analogy be- 
tween the practice of interlacing and the motion- 
picture practice of interrupting the light at a rate 
greater than the frame frequency should be noted. 
¥Fia. 6. Interlaced Scanning In interlaced scanning the time required by a single 
vertical traverse of the picture is no longer equal to 
the time required to scan a complete picture. A single vertical scan is called a field; 
a complete picture is called a frame. The customary variety of interlace thus has two 
fields per frame. Higher orders of interlace have been proposed but have not found 
widespread use. 

{t is desirable that the scanning processes, both horizontal and vertical, repeat exactly 
from cycle to cycle. If the number of lines to a complete frame is an odd number, and a 
frame consists of two fields, correct interlace and uniformity of repetition of the scanning 
operation go handin hand. ‘This arrangement is called ‘‘odd-line interlace.” 


3. RESOLUTION AND FLICKER REQUIREMENTS; BAND WIDTH 


In article 2 it was noted that the vertical width of confusion was equal to V 2 times the 
scanning-line pitch; hence i 
_ Vv2 


z (4) 


where V is the picture height and n the number of useful scanning lines per picture. It 
was also noted that the horizontal width of confusion, in seconds, was 


v 


t= e 1 
Of, (1) 
Since 
Wr = to (5) 
where v is the horizontal spot velocity, it follows from eq. (1) that 
v 
WG 
roy (6) 


It is desirable that the horizontal and vertical widths of confusion be approximately equal. 
Thus 


Vv2 a 
whence 
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The number of useful lines in the complete picture, », will be less than the total number 
of line-periods in the picture time-interval, n’, by a factor a (usually 0.90 to 0.93) introduced 
to provide time for the vertical return of the spot. The line-repetition rate, or line- 
scanning frequency, in cycles per second, is the product of the picture-repetition fre- 
quency N and the total number of lines per picture, n’. 

If no time were allowed for horizontal return of the scanning spot from the right to the 
left of the raster, the horizontal velocity would have the value 


0 = WNn! (9) 


PICK-UP DEVICES 20-07 


where W is the picture width. Retrace time must be provided, thus reducing the useful 
portion of the line-period from unity to a fraction b, usually 0.82 to 0.85. The actual 
velocity is then 


WNn’ 
Oo (10) 
Substituting this value in eq. (8) 
ter nn'NW _ an?N xe Ww a 
* 2n/20V 2/20 V 
and, since W/V, the aspect ratio, is 4/3, 
2a 
c= ON 12 
3V 2b ve) 


If the picture is viewed from a distance equal to four times its height, the angular width 
of confusion is found from eq. (4) to be 


V2 ; 
Vo) =e radian (13) 
while the corresponding square solid angle is 
1 , 
= Bain steradian (14) 


In article 1 it was stated that the figure of confusion should not exceed 1.5 * 1076 
steradian. However, the method of defining the boundaries of the figure, in the study 
there referred to (reference 4), differed from that of article 2 sufficiently to require intro- 
duction of the factor 1/1.9 when this figure is applied to the preceding analysis. Using 
the resulting value of 0.8 X 10 steradian, and choosing the value 0.90 for a, eq. (14) 
yields the value 

n’ = 489 lines per picture 


The American television standards have been set at 525 lines per picture, thus more than 
meeting the resolution requirement in the vertical direction. 

The vertical repetition rate must be at least 25 and preferably 30 per second for the com- 
plete picture in order to minimize flicker, even with interlaced scanning. It is advantageous 
to make the rate an integral submultiple of the power supply frequency, to eliminate dis- 
turbance of interlace by stray fields; a vertical rate of 30 per second is therefore chosen. 
The corresponding line frequency is 30 times 525, or 15,750 cycles per second. 

The effective cutoff frequency, as defined in article 2, is obtained by substituting in 
eq. (12) the values a = 0.90, b = 0.84, n’ = 525, N = 30. Thus 


fe = 0.505n”N = 4.18 Mc 


With a frequency band including components up to 4 or 4.5 Me, the gradual cutoff re- 
quired to avoid severe ‘‘overshoots” (and usually obtained automatically as a consequence 
of scanning spot distributions) results in an effective band width which rarely exceeds 3 
Me (reference 7). The condition of equal vertical and horizontal widths of confusion 
(eq. [7]) is thus not usually obtained; moderate departures from this condition are known 
to be of only minor importance (reference 4). 


4. PICK-UP DEVICES 


Early work on television employed mechanical scanning of the object or scene to be 
televised. The optical system focused an image on a plane at which a disk provided with 
apertures spaced about its periphery was interposed. A single rotation of the disk pro- 
duced one complete scan of the image. The photoresponsive device located behind the 
disk responded instantaneously to the light transmitted by the apertures as they suc- 
cessively traversed the image. In a modification of this arrangement the scanning process 
was applied to the light which illuminated the object. This modification reduced the 
total amount of light incident on the subject, and the accompanying heat, very con- 
siderably. 

Analysis of these mechanical scanning methods shows that the light incident upon the 
photoresponsive device is inversely proportional to the number of picture elements, and 
that, for an acceptable number of elements in the picture, it is not practicable to increase 
the scene lighting and the pick-up lens size sufficiently to produce a useful signal-to-noise 
ratio (reference 26). The limitation inherent in mechanical pick-up systems encouraged 
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the development of photo responsive devices capable of storing light energy over the 
entire scanning period, thus permitting an improvement of several orders of magnitude 
in the signal-to-noise ratio. These devices are described in Section 15. 


5. PICTURE DISPLAY DEVICES 


Early picture display devices employed a light source of instantaneously controllable 
intensity (such as a crater-type glow-discharge lamp or a high-intensity are whose light 
output was modulated by a Kerr cell) in conjunction with a mechanical scanning device 
similar to that described in connection with the preceding article. With arrangements 
of this sort each picture element is illuminated for a time interval corresponding to its 
own duration. 

The average illumination of a picture element at the viewing screen is equal to the il- 
lumination intensity during the picture element divided by the ratio of frame duration to 
picture element duration. A typical value for this ratio is 300,000. In consequence of 
this factor, and the limited intrinsic brightnesses of convenient light sources, mechanical 
scanning systems as heretofore proposed have been largely supplanted by electronic scan- 
ning using cathode-ray tubes (reference 2). 

In a modification of a mechanically scanned television reproducer, Scophony developed 
a method of storing the light-modulation information in a liquid cell in such fashion that 
an individual picture element could be illuminated for a period many times the element’s 
own duration. Practical difficulties have prevented widespread use of this arrangement 
(references 10, 11, 12, and 13). 

In a cathode-ray tube the instantaneous power concentration in the scanning spot may 
reach values of 10 to 1000 kw persqin. Efficiencies of fluorescent materials in converting 
from electrical to luminous energy lie in the range of 5 to 10 per cent. On this basis, 
average highlight brightnesses of a few thousand foot-lamberts are possible. The cathode- 
ray tube has, therefore, become the accepted television picture-reproducing device. Cath- 
ode-ray tubes are described more fully in Section 15. 

Electronic control of the opacity or alternatively the light-reflection coefficient of a 
surface has been employed for certain special purposes. In one form the effect of an in- 
jected electron in producing opacity in a transparent alkali halide crystal is employed. 
In another arrangement a layer of flakelike particles such as graphite, suspended in a 
fluid, is used; in the absence of electric field the particles exhibit random orientation and 
thus prevent light transmission, but an applied electric field makes the orientation orderly 
and permits light transmission in the direction of the field (references 14, 15, and 16). 

SCANNING CIRCUITS FOR CATHODE-RAY DEVICES. The electron beam of 
the cathode-ray tube may be deflected by either electric or magnetic field. Both fields 
involve the storage of energy in the deflection space within the tube and incidentally in 
the external circuits. 

Wave forms for a deflecting field are shown in Fig. 7. Curve A shows an ideal form. 
Curve B shows a departure from the ideal form introduced to permit a finite retrace time 
and thus avoid the necessity for han- 
dling unreasonably excessive currents 
or voltages in the deflection circuits 
during the retrace intervals. Curve C 
shows a typical practical curve in which 
the form of variation is modified from 
that of curve B to eliminate the discon- 
tinuities of slope exhibited by curve B 
and thus reduce the number of harmon- 
ics which must be faithfully transmitted 

; > to the deflecting circuit. 

Time For faithful reproduction it is essen- 


Fig. 7. Scanning Field Wave Forms. A. Ideal Re- ¢jal that the scanning wave have the 
quirement. B. Modification for Finite Retrace Time. ° A 3 
C. Modification for Finite Bandwidth. same form in both the pick-up device 


and the reproducing device. It has not 
been found practicable to control with sufficient accuracy the wave form of the deflecting 
field during the retrace interval. It is essential, therefore, that no attempt be made to 
transmit picture information during this interval. Means are customarily provided for 
preventing the appearance of the reproducing screen from being affected by signal potentials 
during the retrace. 
SCANNING CIRCUITS FOR ELECTROSTATIC DEFLECTION. Figure 8 shows a 
typical circuit for producing electrostatic deflection voltages. Oscillator tube V-1 is 


Intensity 
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here shown as a blocking oscillator. Other forms such as multivibrators and thyratrons 
may also be used. The oscillator acts periodically to discharge capacitor C). The ca- 
pacitor is then charged through R; until the voltage at the oscillator anode rises to a point 
where, in conjunction with any voltage which may be applied on the grid, oscillation is. 
again produced, thus again discharging 0;. The voltage variation with time on C; during 
the trace portion of the period is, of course, exponential. It is essential, therefore, that 
the amplitude at this point be kept small enough to preserve a good approximation to: 
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Fic. 8. Electrostatic Deflection Circuit 


linearity. The amplifier tube V2 and phase inverter tube V3 amplify the voltage appear- 
ing across C; to the required level and provide the usually necessary outputs of opposite 
polarities. In choosing the values of components care must be taken that the capacitors 
C2, C3, Cs, and C; do not introduce excessive phase shift for the fundamental frequency 
component. A total shift of 3° is a useful upper limit. By care in the choice of com- 
ponent values the circuit may be made to work down to frequencies much lower than the 
normal television field frequency of 60 cycles; it may also be used readily at frequencies. 
at least ten times higher than the normal line-scanning frequency of 15.7 ke. 

A simpler circuit which is useful for scanning frequencies of the same order as television 
line frequencies is shown in Fig. 9. In this circuit capacitors C; and C2 are charged from 
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Fig. 9. Electrostatic Deflection Circuit 


the power supply during the trace period through the reactor Zi, Lz. While this charging 
current is oscillatory, the choice of a resonant frequency less than one-tenth the scanning 
frequency for the circuit consisting of the two reactor windings and two capacitors in 
series results in the use of only the linear central portion of the oscillatory cycle. When 
the voltage appearing across Ci and C2 is great enough, tube Vi goes into oscillation draw- 
ing a heavy current and discharging the pair of capacitors. If the equivalent series re- 
sistance of V; is sufficiently low, this discharge will be oscillatory and will last for one-half 
cycle at a frequency determined by the apparent inductance of the primary of trans- 
former 7 and the capacitance of capacitors Ci and C2. (Insufficient leakage inductance 
in T makes the retrace time unnecessarily short and the peak current and dissipation in 
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V1 excessive.) The potential difference between the opposite ends of Ci and C2 reverses 
during this discharge and rises to a negative value which may be a considerable fraction 
of the voltage on the capacitors before Vi began to conduct. With the cessation of con- 
duction in Vi, C; and C2 are again charged through Ly, Le, and the cycle repeats. 

CIRCUITS FOR MAGNETIC SCANNING. In the magnetic scanning cycle the cur- 
rent in the coil by which the magnetic field is produced is zero at the midpoint of the 
scanning trace. During the latter half of the trace the current is built up under control 

of a vacuum tube to the value required to produce 
| the full deflection. The flow of current through 

the vacuum tube is then interrupted, and the 
| scanning current continues to flow in the coil, 

charging the distributed capacitance which is in 

shunt with the coil until the current vanishes. 

The distributed capacitance is now charged to a 

high potential; it discharges back into the coil, 
| producing a current of opposite polarity to that 
which previously flowed. When the potential 
| energy stored in the distributed capacitance has 

been transferred completely back to the coil, the 
next scanning-line trace starts; the flow of coil 
current is permitted to continue through a vacuum 
tube in order to cause the current to decrease 
linearly to zero value at the midpoint of the trace. 
In this cycle energy is supplied to the circuit dur- 
| ing the latter half of each trace, a half-period of 
| free oscillation takes place during the retrace, and 
the energy is then dissipated during the first half 
of the succeeding trace. These relations are 
shown on an ideal basis in Fig. 10. It is necessary, 
of course, that the resonant half-period of the free 
oscillation not exceed the permissible retrace time. 

The energy required in the magnetic field (with- 
in the tube) to deflect a cathode-ray tube fully is 
a function of accelerating voltage and deflection 
angle primarily. Typical tubes require amounts 
of energy between 30 and 300 microjoules. These 
amounts of energy must be provided and dissi- 
pated during each scanning cycle. Thus, for a 
type 10BP4 cathode-ray tube requiring about 300 
microjoules for horizontal deflection and a hori- 
na zontal deflection frequency of 15,750 the power 

which must be delivered by the scanning circuit 
within the tube is 4.8 watts. 

A typical line-frequency magnetic scanning cir- 
cuit is shown in Fig. 11. 

A step-down transformer is interposed between 

ime ————>— the energy supply tube V; and the scanning coil 

or yoke Y, to decrease the effective distributed 

capacitance of the circuit, thus assisting to obtain 

Energy Relations in Magnetic suitably short retrace time. The wave-form dia- 

Scanning grams of the figure, which are corrected for the 

effect of the transformer ratio, show the current 

gradually increasing in tube V, during the trace and terminating abruptly at retrace. Dur- 

ing this same period the current in tube Verises abruptly to a maximum value and decreases 

smoothly during the rest of the trace. The analogy between these two current wave 

forms and the corresponding forms in a class AB amplifier should be noted. Tube V3 
provides the feedback connection for self-oscillation. 

The circuit is arranged to make use of the energy returned by the yoke Y during the 
first half of the trace, This energy is stored in capacitor Cj; the voltage thus developed 
across C; is used to augment the anode supply voltage for tube V;. This is called the 
“bootstrap’’ connection. 

It is usually necessary, for line-frequency scanning, to use a relatively low inductance 
in the yoke. The current is therefore relatively high and may reach peak values of 0.1 
to1.0amp. Relatively large direct currents (0.01 to 0.20 amp) are consequently required 
to correct any incidental decentering of the raster. The circuit of Fig. 11 is therefore 
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oe to permit the full B supply current of the receiver to flow through the centering 
control. 

Overall efficiency of the circuit of Fig. 11 may reach a value of 15 per cent. Delivery 
of 5 watts to the magnetic field within the tube thus requires at least 30 watts of d-c power 
(reference 80). 

The power required for the relatively slow vertical scanning is very much smaller than 
that for horizontal scanning. A typical circuit is described in article 32 of this section. 


Fie. 11. Magnetic Scanning Circuit 


KEYSTONE CORRECTION. When the electron beam in its undeflected position 
does not strike its target at a right angle the shape of the raster produced by uniform de- 
flecting fields will be a keystone. Circuit arrangements which modulate one of the scan- 
ning generators by a signal derived from the other are required to produce a rectangular 
raster under these conditions. Application for these is found in the Iconoscope type of 
camera tube and in certain forms of picture tubes (reference 81). 


6. SYNCHRONIZING 


In television practice the picture information is generated in an orderly sequence. The 
picture display device must display this information in the same sequence if the original 
picture is to be reproduced. It is necessary, therefore, that information to synchronize 
the scanning operations of the display device be furnished with the picture information 
and that this information be subject to delays in transmission identical to those experienced 
by the picture information. Synchronizing signals are, therefore, included with the 
picture signals. 

There are two ways in which scanning devices may be synchronized. In the simpler of 
these the synchronizing signal has essentially a pulse form and is applied to the scanning 
device in such fashion as to terminate the scanning trace and initiate the retrace. This 
action takes place at a speed limited only by the transient response of the scanning oscil- 
lator itself. This method of operation has the advantage of simplicity but the disad- 
vantage that the scanning cycle may be mistimed and the picture consequently distorted 
by either: (1) a noise impulse tripping the oscillator prematurely; (2) loss of a synchronizing 
pulse due to a temporary blocking of the signal channel by noise, or (3) the combination 
of random noise components with the synchronizing pulse to produce random phase vari- 
ation of the leading edge of the pulse. 

The alternative synchronizing method is to apply the synchronizing signal and a signal 
derived from the scanning device to a phase comparison circuit whose output voltage 
controls the frequency of the scanning device. If the synchronizing pulses are uniformly 
spaced and the scanning device is itself stable in frequency, the phase control may be made 
slow acting, thus effectively decreasing the band width of the synchronizing signal channel 
and reducing its susceptibility to noise interference by several orders of magnitude (refer- 


ence 17). 
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Separate synchronizing signals are required for the two directions of scanning. With 
interlaced scanning it is essential that these signals be readily separable one from the other 
in a receiver. The form of composite synchronizing signal which has been adopted to 
meet these requirements is shown in Fig. 12. In line A; of Fig. 12 the last three line- 
synchronizing pulses preceding the vertical retrace interval appear at the left, followed 
by six equalizing pulses, six field synchronizing or ‘“‘broad’’ pulses, and six more equalizing 
pulses. Transmission of normal line pulses is then resumed, to continue until the next. 
field retrace interval, shown at Ay. The traces A; and A» are separated in time by exactly 
one field period; in consequence of the use of ‘‘odd-line interlace,’’ the line pulses in A; and 
A, are one-half line period out of phase. The line-frequency signals may be separated 
from the composite signal by differ- 
entiation, as shown at By, Bo; the 
arrows here represent the times at 
which the line oscillator should 
“fire’’; at each of these, a synchro- 
nizing signal is provided. The field 
frequency signals may be separated 
by integration, with the results 
shown at Ci, Co. It is a characteris- 
tic of an integrating circuit that it 
“remembers.”’ For this reason the 
interval immediately preceding the 
vertical synchronizing signal con- 
tains horizontal synchronizing sig- 
nals at twice the normal repetition 
rate. By this means the time in- 
tervals immediately preceding the 
vertical synchronizing pulses in the 
two fields are made identical. The 
line synchronizing pulses are reduced 
to half their normal duration during 
this period so that their integrated , = : 
value will be no greater than that Integrating Circuit for Field; R=lIOOk ohms, 
of line pulses of normal duration C=0.005 pf. 
and 20 & mal repetition rate. These Fre. 13. Synchronizing Signal Selection 
equalizing pulses also appear for a 
short interval following the vertical synchronizing signal to insure that during the entire: 
interval in which the vertical scanning device is sensitive to synchronizing signals those: 
signals will be alike in both fields. 

The diagrams of Fig. 13 illustrate differentiating and integrating circuits to perform: 
the separations shown in Fig. 12. 


7. THE VIDEO SIGNAL 


The video signal is generated by a pick-up tube as described in Section 15. The output 
of this device usually requires amplification to raise it to usable level and may, in addition, 
require processing to remove from the signal certain spurious components which are not 
properly a part of the signal. Its direct component must either be transmitted faith- 
fully with the same gain as other components or be reinserted by either manual or auto- 
matic means after amplification has taken place. 

Figure 14 shows a test pattern used for testing television systems and the oscillogram 
of a single scanning line of that pattern. The oscillogram was taken at a point in the 
transmission system where all spurious components had been eliminated. The corre-: 
spondence between elements of the picture and elements of the oscillogram is shown. 

TRANSMISSION OF THE D-C COMPONENT. It is theoretically possible to trans- 
mit and amplify the d-c component along with the other components of the video signal. 
In practice, however, this is frequently found to be inconvenient. A satisfactory alter- 
native, known as ‘‘d-c reinsertion,”’ may be followed once the black level of the signal has 
been established. In this alternative practice the recurring black intervals are used to: 
provide an a-c carrier of the d-c component. This practice is illustrated in its simplest 
form in the two-stage amplifier of Fig. 15. The blocking capacitor C; prevents transmis- 
sion of the d-c component from the anode circuit of V; to the grid of V2. The video signal 
is applied to the grid of Vi with positive polarity, that is, with an increase in object bright-- 
ness represented by a change of signal potential in the positive direction. The black level,. 
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therefore, represents the most negative portion of the signal. The signal polarity is re- 
versed in the anode circuit of Vi so that at this point the black level is the most positive 
portion of the signal. The diode V3 is connected to conduct on the positive portion of 


Fig. 14. Television Test Pattern and Sample Line WaveForm. Test pattern (copyrighted by Radio 
Corp. of America). Wave form of single line as shown. 


the signal reaching it. (The grid-to-cathode conductance of V2 shows a similar character- 
istic.) Current flowing through the diode in response to the black intervals of the signal 
establishes such a charge on C) as to reduce the flow of current through the diode to a value 
just sufficient to make up for the leakage from the condenser through R;. If the effective 
resistance of the charging path (including the series resistance of the diode and the re- 
sistance of R») is small, the amount by which the diode anode is positive with respect to its 


ae 
Fie. 15. D-c Reinsertion Circuit 

cathode, during the black intervals, will be a negligible fraction of the total signal poten- 

tial. The black intervals of the signal will, therefore, be held at substantially the poten- 


tial of the diode cathode, and the gray and white portions will extend negatively from this 
potential in their appropriate amounts. 
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Figure 16 shows the performance of the circuit of Fig. 15 with two different signals. 
Signal A has a little white, but mostly dark gray and black, while signal B is all white 
except for a brief black interval. The effectiveness of the reinsertion action is shown by 
the substantial agreement in black levels for both signals, at the grid and also at the anode 
of Vo. The curves shown for the performance at V2 when the diode is replaced by a fixed 
bias show the much greater range of voltages 
which tube V2 must handle without distortion, 
if d-c reinsertion is not practiced. 

Because of the high impedance of diodes at 
the low currents they are called upon to handle 
in the circuit of Fig. 15, the accuracy with 
which the black level is maintained is some- 
what imperfect. When more accurate per- 
formance is required, a more _ elaborate 
arrangement known as a clamp circuit may be 
used in place of the diode V3 and resistor R; of 
Fig. 15. Ina clamp circuit, an external source 
5 applies power to a network of diodes, producing 
Reference considerable currents and low diode imped- 
Potential ances. The network is balanced so that any 

deviation of the signal potential from the 

(oo potential of a reference point during the flow 

of current from the external source is corrected 

| ie Netaning by a small unbalance in the currents in the 

Signal branches of the circuit. Figure 17 shows one 

Fie. 17. Clamp Circuit form of clamp circuit. Clamp circuits differ 

from the circuit Fig. 15 in that (a) they are 

capable of conduction in both directions; (b) in consequence of this they must be energized 
only during appropriate time intervals. See also reference 27 and 84. 
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8. THE COMPOSITE SIGNAL 


In the design of television systems provision must be made for the transmission of these 
four signals: (a) video signal; (6) horizontal synchronizing signal; (c) vertical synchronizing 
signal; and (d) sound signal. 

The system may be designed to transmit all four of these from separate transmitters. 
Alternatively, two or more may be combined and transmitted by a single transmitter. 
The combination of the picture signal and the two synchronizing signals in a single trans- 
mission has been recognized as particularly suitable, since it simplifies both receiving and 
transmitting apparatus and also removes some sources of non-uniform transmission delay 
between these components. 

The construction of a composite signal containing these three individual signals requires 
the synchronizing and picture signals to occupy different ranges of amplitude, since these 
two classes of signals cannot be distinguished from one another by a frequency separation. 
They must also occupy different time intervals. These requirements are satisfied by 
assigning a range of potentials beyond black (and, therefore, called infra-black) to the 
synchronizing signals and by inserting synchronizing signals in the time intervals provided 
for scanning retrace. Figure 18 shows at 3 an oscillogram of two lines of a composite 
signal showing line synchronizing pulses properly located in the retrace intervals. The 
position of the leading edge of the pulse in the retrace interval is set a short time after the 
beginning of the interval so that even receiver circuits of somewhat restricted band width 
(and hence slow transient response) will have time to reach black level before the syn- 
chronizing pulse begins, regardless of whether the picture edge is white or black. Failure 
to provide this interval results in phase modulation of the scanning by the picture content. 
This interval (sometimes called the ‘‘front porch”) is made no greater than required by the 
foregoing consideration, since any extra waiting at this point is at the expense of either 
decreased time available for scanning retrace or decreased time available for picture. 

The placement of the field signal conforms to the practice already described for the line 
signal. The field signal is located in the same region of amplitude as the line signal and is 
placed to occur during the vertical retrace region. 

The portion of the transmission amplitude range not occupied by synchronizing signals 
is reserved for the picture information. 
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Fie. 18. EFCC Standard Television Synchronizing Wave Form 


9. THE RADIO-FREQUENCY SIGNAL 


The composite signal of Fig. 18 may be applied to an r-f carrier as either amplitude, 
phase, or frequency modulation. In television broadcasting, multipath transmission is 
frequently observed; picture distortions caused by multipath transmission when phase or 
frequency modulation is used are so serious that these methods of modulation have not 
seemed practicable. Television broadcasting, therefore, makes use of amplitude modula- 
tion. 
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POLARITY OF MODULATION. Polarity of modulation may be either positive (that 
is, with an increase of image brightness represented by an increase of radiated signal) or 
negative. Tigure 19 illustrates these two forms, showing individual scanning line signals 
for three distributions of picture content. A positive modulation polarity signal includes 
at all times the synchronizing level (zero carrier) and the black level. It does not indicate 
the level of peak white unless elements of this intensity are present in the picture. Neg- 
ative modulation polarity, on the other hand, includes at all times the synchronizing level 
(maximum carrier intensity), the black level, and peak white (zero carrier). 

Automatic gain control circuits for receivers require the presence in the received signal 
of some characteristic which is independent of modulation. In sound transmissions, the 
average value of the carrier has the required characteristic, but in television signals, the 
average value is dependent on average picture brightness. White level, black level, or 
synchronizing level must be used instead. Preferably, the peaks of the signal envelope 
should be used, so that a simple peak detector may serve as the source of automatic gain 
control information. It is found, therefore, that negative modulation polarity simplifies 
very much the provision of automatic gain control in receivers. 

The effects of impulse noise interference on signals of the two polarities are quite dif- 

_ferent. With positive modulation impulse noise usually produces bright spots in the re- 
produced picture and has little effect on synchronizing signals. With negative modula- 
tion impulse noise produces primarily black spots on the picture (which are on the whole 
less disturbing than the bright spots produced with positive modulation) but has a greater 
tendency to interfere with synchronizing signals. Since it is found possible to minimize 
the effect of impulse noise on synchronizing sufficiently by careful circuit design in the re- 
ceiver and since automatic gain control is believed desirable, American standards for tele- 
vision have chosen negative modulation polarity. 

BAND WIDTH. As was shown in article 3, the desired band width of television video 
signals exceeds 4 megacycles. The application of this signal as amplitude modulation to 
a carrier produces a signal having a total spectrum width which exceeds 8 megacycles. 
Since radio channels are not available in unlimited quantities and since also the cost of 
amplifiers is increased as their required band width increases, television broadcast practice 
is based on vestigial sideband transmission. Curves A and B of Fig. 20 show the radio- 
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Fra. 20. Radio-frequency Amplitude Characteristics. A. Double Side-band Transmission. | B. 
Vestigial Side-band Transmission Overall Characteristic. C. Vestigial Side-band Transmission; 
Transmitter Only. 


frequency amplitude characteristics for double sideband transmission and for vestigial 
sideband transmission (references 19 to 24). 

The overall transmission characteristic for vestigial sideband transmission requires that 
the signal originally produced with a carrier and symmetrical sidebands must be atten- 
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uated selectively. The practice which has been standardized is to provide a receiver 
characteristic having the same form as the desired system overall characteristic. The 
corresponding transmitter characteristic must, therefore, exhibit negligible attenuation 
at all frequencies which are effectively transmitted by the receiver. It has therefore been 
standardized as shown in Fig. 20 as curve C. 

SOUND TRANSMISSION. The sound accompanying a television picture is trans- 
mitted on a separate carrier whose frequency is located, with respect to the picture carrier 
and its sidebands, as shown in Fig. 20. The sound earrier is frequency modulated with 
maximum deviation of 25 kilocycles. The pre-emphasis practice standardized for fre- 
quency-modulated sound broadcasting is also used for television sound. 

FREQUENCY ALLOCATION. Because of the wide frequency channels required for 
television, allocation of channels below 50 megacycles would interfere with so many exist- 
ing services as to be impracticable. Television allocations for commercial use, therefore, 
lie in the range between 54 and 216 megacycles, as shown in the table. Allocations at 
higher frequencies have been made for experimental and relay use. 


NoMINAL PicTurRE SounpD 
CHANNEL BOUNDARIES CARRIER CARRIER 

2 54— 60 55.25 59.75 
3 60— 66 61.25 65.75 
4 66— 72 67.25 71.75 
5 76— 82 77.25 81.75 
6 82-— 88 83.25 87.75 
7 174-180 175.25 179.75 
8 180-186 181.25 185.75 
9 186-192 187 .25 191.75 
10 192-198 193.25 197.75 
11 198-204 199.25 203.75 
12 204-210 205.25 209.75 
13 210-216 211.25 215.75 


POLARIZATION OF RADIATED SIGNAL. A simple horizontally polarized dipole 
antenna has a horizontal directive pattern which is sometimes useful in minimizing ef- 
fects of multiple transmission paths. Since in other respects there is little net advantage 
either way between horizontal and vertical polarization, horizontal polarization has been 
standardized. 


10. STANDARDS 


The Federal Communications Commission has established the following Standards of 
Good Engineering Practice for television broadcasting: 


1. The width of the television broadcast channel shall be 6 megacycles per second. 

2. The visual carrier shall be located 4.5 megacycles lower in frequency than the aural center fre- 
quency. 

3. The aural center frequency shall be located 0.25 megacycle lower than the upper frequency limit 
of the channel. 

4. The visual transmission amplitude characteristic shall be as shown in Appendix II [curve C of 
Fig. 20]. 

5. The number of scanning lines per frame period shall be 525, interlaced 2:1. 

6. The frame frequency shall be 30 per second, and the field frequency shall be 60 per second. 

7. The aspect ratio of the transmitted television picture shall be 4 units horizontally to 3 units verti- 
cally. 

8. During active scanning intervals, the scene shall be scanned from left to right horizontally and from 
top to bottom vertically, at uniform velocities. 

9. A carrier shall be modulated within a single television channel for both picture and synchronizing 
signals, the two signals comprising different modulation ranges in amplitude (see Appendices I and II) 
[Figs. 18 and 20]. 

10. A decrease in initial light intensity shall cause an increase in radiated power (negative trans- 
mission). 

11. The black level shall be represented by a definite carrier level, independent of light and shade in 
the picture. 

12. The pedestal level (normal black level) shall be transmitted at 75 per cent (with a tolerance of 
plus or minus 2.5 per cent) of the peak carrier amplitude. 

13. The maximum white level shall be 15 per cent or less of the peak carrier amplitude. 

14. The signals radiated shall have horizontal polarization. 

15. A radiated power of the aural transmitter not less than 50 per cent or more than 150 per cent of 
the peak radiated power of the video transmitter shall be employed. 
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16.* Variation of Output. The peak-to-peak variation of transmitter output within one frame of 
video signal due to all causes, including hum, noise, and low-frequency response, measured at both 
synchronizing peak and pedestal level, shall not exceed 5 per cent of the average synchronizing peak 
signal amplitude. 

17.* Black Level. The black level should be made as nearly equal to the pedestal level as the state 
of the art will permit. If they are made essentially equal, satisfactory operation will result and im- 
proved techniques will later lead to the establishment of the tolerance if necessary. 

18.* Brightness Characteristics. The transmitter output shall vary in substantially inverse loga- 
rithmic relation to the brightness of the subject. No tolerances are set at this time. 


See also reference 28 for an extended discussion of standards. 


TELEVISION BROADCASTING 


By T. J. Buzalski, A. L. Hammerschmidt, and F. J. Somers 


"A modern television broadcasting plant provides facilities for the pick-up and broad- 
cast of entertainment, news, and cultural and educational subject matter in both sight 
and sound. The purpose of such a plant is to provide an adequate and satisfactory public 
service, and this requires a flexible and well-coordinated installation. A functional sub- 
division of equipment and facilities is the following: 

(a) Studio and control facilities (picture and sound). 

(6) Field pick-up and relay facilities (picture and sound). 

(c) Visual and aural broadcast transmitters. 

Typical studio and control facilities consist of one or more live-taient studios, a film 
pick-up studio, a video effects studio, one or more announcers’ booths, and a master con- 
trol room having switching and monitoring facilities for feeding the various studio outputs 
or remote pick-up outputs to the transmitter, as required. The master timing or syn- 
chronizing generator, various picture line amplifiers, power supply rectifiers, and other 
equipment common to the studio facilities system are usually grouped in a main equip- 
ment room for maximum efficiency and ease of maintenance. 

Field pick-up facilities include portable television cameras with their associated control, 
monitoring, and synchronizing equipment and portable sound equipment. Wither radio 
relay circuits, coaxial cables, or equalized telephone lines are used to transmit the picture 
signals back to the master control room of the broadcast station proper. The sound por- 
tion of the program is generally transmitted back by wire line, though radio circuits are 
used where wire facilities are not available. Field pick-ups also encompass the use of 
mobile equipment where the television cameras, along with their synchronizing, control, 
and monitoring equipment, are mounted in a moving boat, aircraft, or other means of 
locomotion. 

The need for maximum height of the transmitting antenna to provide line-of-sight re- 
ception for as many receivers as possible usually requires that the visual and aural trans- 
mitters be located remote from the television studios. The visual link between the master 
control switching point and the transmitter may be a radio relay circuit, a coaxial cable, 
or an equalized telephone line. The aural link between the master control point and the 
transmitter is usually a wire line. 

In order to coordinate operations and to assure program continuity, the television plant 
must be provided with an adequate and flexible intereommunication and order wire sys- 
tem separate and apart from the sound program pick-up, control, and transmission equip- 
ment. 


11. LENS APERTURE REQUIRED 


The lens speed required for a given camera pick-up tube and scene illumination is best 
determined by experiment under operating conditions or from data supplied by the tube 
manufacturer. If it is desired to compute the lens speed which will provide a sufficiently 
bright image to meet the requirements of a given pick-up tube, the following formulas 
(see reference 33) are applicable: 


W 
F (focal length of lens) = ae cot . inches (1) 
0.064WV TBs 
f (numerical aperture) = —————=—. (2) 
V10°I,N 


* These items are subject to change but are considered the best practice under the present state of 
the art. They will not be enforced pending a further determination thereof. 
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where W = the width in inches of the pick-up tube sensitive surface. 
a = the desired horizontal angle of view in degrees. 
s = the pick-up tube sensitivity in signal microamperes per lumen. 
B = the surface brightness of the scene in candles per square foot. 
T = the light transmission factor of the lens (usually between 40 and 60 per cent). 
N = the required peak picture signal-to-rms noise ratio. 
Tn = the equivalent rms noise current (amperes) at the input of the amplifier used 


with the pick-up tube. 

The noise generated in pick-up tubes without electron multipliers is small compared 
with that originating in the first tube of the video-preamplifier. Noise currents generated 
in the first video amplifier stage result from two significant components: thermal agitation 
noise in the input circuit and current fluctuations in the plate circuit of the first video 
amplifier tube. An expression combining these components for the computation of the 
equivalent rms noise current (/,) follows (see reference 33) : 


2 
a oe F 


3 


where J, = equivalent rms noise current in amperes. 
k = Boltzmann constant (1.37 X 10773 joule per °K). 
T = absolute temperature (300° K). 
fm = pass band of amplifier in cycles per second. 
= input resistor of amplifier in ohms. 
R; = equivalent grid resistance of input tube for noise in ohms at 300° K (for first 
video amplifier tube). 
C = total shunt capacity (pick-up tube, stray capacity, and video amplifier in- 
put capacity). 

In a non-storage pick-up tube where the photoelectrons are amplified by an electron 
multiplier incorporated in the pick-up tube, the predominant noise originates at the 
photocathode. (See reference 34.) The equivalent rms noise current in this case is given 
by the following expression: 

= V 2¢eiofm amperes (4) 
where 7% = current for one picture element. 
e = electron charge = 1.59 X 10719 coulomb. 
fm = pass band of equipment (cycles per second). 

It should be pointed out that the sensitivity s of a pick-up tube in signal microamperes 
per lumen is not necessarily a constant. In some types of tubes s is a function of the in- 
cident light. This is illustrated by the curve of Fig. 1, which shows s for a sample Icono~ 


ae on mosaic, lumens 


Fie. 1. Signal Output vs Illumination Characteristic of a Typical Iconoscope 


scope (reference 56). Another type of tube having a non-linear sensitivity curve is the 
Image Orthicon (reference 30). The signal output vs. illumination curves of the Orthicon 
and the Image Dissector are essentially straight lines. 


12. STUDIO CAMERA DESIGN 


Aside from the pick-up lens, view finder (references 31 and 32), and other optical re- 
quirements, the electrical and mechanical design of the studio camera must be given care- 
ful consideration. Experience has shown that the following principles should be followed 
in the design: 
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(a) In order to keep the camera as small, light, and mobile as possible, the number of 
tubes and components housed in the camera proper should be kept to the minimum. As 
much auxiliary equipment as possible should be mounted on permanent racks in or near 
the control room. 

(6) All electrical camera controls and adjustments which may require attention during 
a broadcast should be located at or within easy reach of the control-room console. 

(c) The mechanical layout of the camera should facilitate rapid servicing in case of 
failure. Such features as replaceable plug-in type video preamplifiers will simplify main- 
tenance of the camera. 

A variety of different types of camera tubes have been used for television studio pick-up. 
Before 1946 the Iconoscope camera found the widest acceptance among television broad- 
casters. Subsequently the Image Orthicon (reference 30) with its greater light sensitivity 
has been found to have practical advantages for studio use. Since space does not permit 
a detailed discussion of all camera types, the Iconscope has been chosen in the following 
example since it embodies many features that are common to present television cameras. 

In a typical Iconoscope studio camera design, the following items are included in the 
camera housing proper: 

(a) Video preamplifier (five tubes) including a high-peaker stage and a cathode follower 
to feed a 75-ohm coaxial line. 

(b) Beam blanking amplifier (double triode). 

(c) Horizontal and vertical deflection coils in a yoke assembly arranged to be fed from 
an external source via coaxial cables. 

(d) Bias lighting arrangement for improving the collection of secondary electrons from 
the mosaic. 

(e) Filament transformer (110-volt alternating current to 6.3-volt alternating current 
60 cycles). 

This particular design of camera used an optical view finder and was mounted on a 
movable pedestal equipped with a pushbutton-controlled motor-driven elevating arrange- 
ment, a suitable tilting and panning head being provided for mounting the camera. 

A typical flexible cable for connecting the camera to the rack equipment has conductors 
and insulation as shown in Table 1. As indicated in the table, this cable has been designed 
as an all-purpose cable which can be used with a variety of camera and pick-up tube types. 
Conductors 26 and 27 are coaxial cables, conductor group 28, 29 is a shielded balanced 
twisted pair video cable. Conductors 3 and 4 are used to feed high voltage to the pick-up 
tube. Video cable shields should be run separately from the common power supply cir- 
cuit ground to avoid possible interference pick-up due to common ground return imped- 
ance. 

‘For camera cable lengths of 100 to 150 ft maximum, it is practical to locate the deflection 
wave generators in the control-room racks, provided sufficiently low-impedance deflection 
coils are used in the camera deflection yoke. For longer cable lengths, it is advisable to 
locate the deflection amplifiers in the camera proper or in the camera pedestal, feeding the 
horizontal and vertical driving pulses or sawtooth waves out to the camera from the racks 
via terminated 75-ohm coaxial cables or terminated balanced pair twinax cables. 

Some types of camera tubes are easily damaged if the deflection circuits fail during 
operation. This is true of Iconoscopes. Orthicons may also be damaged if the mosaic is 
illuminated when the deflection failure occurs. It is, therefore, necessary to provide pro- 
tective devices to bias off the scanning beam automatically when deflection fails. Relays 
actuated by rectified deflection currents have proved satisfactory for this purpose. 

The video output of the camera may be fed to the control room from the camera either 
by a coaxial line or by a balanced twisted pair transmission line with an external grounded 
shield. The latter is preferred to give better discrimination against hum pick-up in long 
cables. 

The camera preamplifier design usually provides for a peak-to-peak video output from 
the camera of between 0.1 and 1.0 volt. The higher levels are preferred to provide dis- 
crimination against possible interference pick-up in the cable. 

VIDEO PREAMPLIFIER DESIGN. The scene brightness, the speed of the lens, the 
sensitivity of the pick-up tube, and the value of pick-up tube signal load resistor being 
known, the low-frequency gain required of the preamplifier to bring the signal up to the 
desired level to feed the 75-ohm cable can readily be calculated. (By low-frequency gain 
is meant the gain for video frequencies below 50 or 100 ke.) The high-frequency gain re- 
quired of the amplifier, assuming that the general practice of feeding a ‘“‘flat’”’ signal to the 
line is followed, is dependent on the frequency and phase distortion introduced at the in- 
put of the preamplifier by the network used to couple the output of the pick-up tube to the 
grid of the first stage of the preamplifier. Use of a high value of load resistor (30,000 to 
100,000 ohms) compared to the value which would be chosen for flat response (1000 to 


Table 1. Flexible Cable Used between Television Cameras and Equipment Racks 
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Cable Mfrs. Maximum 


No. | Color ( ie 
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(DC) | (Amps) 


Orthicon 


Function 


Iconoscope 


Image Orthicon 


White 


Black 


250 


450 


Yellow 


Red 


1000 


Black 
White 


4.0 


Red 


Brown 


Orange 


250 


450 


White 
Black 
Red 


50 


70 


Green 


Black 


Red 
White 
Red 


250 


450 


Blue 


Green 


Black 


Green 
White 
Yellow 


250 


450 


Blue 


Brown 


Orange 


600 


850 


Yellow 
Blue 


300 


500 


Yellow 


Brown 


Orange 


50 


18 


Mult. focus +150 
volts to +250 volts 


Ike focus —350 volts 
to —600 volts 


Mult. focus +150 
volts to +250 volts 


Ring —50 volts to 


Decelerator —50 volts 


+150 volts to +150 volts 
Ike grid —950 volts | Image focus 200 volts 
to —1150 volts to —1000 volts 
Multiplier +1000 Ike cathode —1000 | Multiplier +1000 
volts to +2000 volts| voltsto —1200 volts| volts to +2000 volts 
110 volts a.c. 110 volts a.c. 110 volts a.c. 


Bias —105 volts 


Bias —105 volts 


Bias —105 volts 


Video +B +280 volts 


Video +B +280 volts 


Video +B +280 volts 


Deflection + B 


Horizontal center 


Edge light 


Deflection + B 


Horiz. center 


Back light 
Target —15 volts to Target —15 volts to 
+15 volts +15 volts 
Beam 0 to —45 volts Beam 0 to —45 volts 
Signal light Signal light Signal light 


Vertical deflection 


Vertical deflection 


Vertical deflection 


Program phone 


Program phone 


Program phone 


Wall focus +100 volts 
to +250 volts 


Alignment field 


Phone 


Wall focus +100 volts 
to +250 volts 


Alignment field 


Phone 


Front focus field 


Phone 


Front focus field 


Horizontal §.T. 


Horiz. deflect. 


Horiz. driving 


Blanking Blanking Blanking 

Video Video Video 

Rear focus field Rear focus field 
Alignment field Alignment field 
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3000 ohms) offers advantages in discrimination against low-frequency noise and micro- 
phonic disturbances in the first preamplifier stage, because it results in a relatively greater 
level of low-frequency signal being applied to the first grid than if a flat system is used. 
On the other hand, tubes having a self-contained electron signal multiplier such as the 
Image Dissector or the Image Orthicon can provide a relatively large signal output current 
so that a relatively low value of signal load resistor can deliver sufficient signal voltage, in 
many cases, to override noise and microphonic disturbances generated in the first therm- 
ionic amplifier stage. 

When a high value of signal load resistor is used, it is the practice to compensate for the 
frequency and phase distortion introduced by incorporating a ‘‘high-peaker’”’ stage in the 
video preamplifier. Figure 2 is a block diagram illustrating one form of high-peaking. 


High 
peaker 


Pickup tube 


Fie. 2. High Peaker Stage Employing Resistance and Inductance in the Plate Circuit 


The load impedance Z, for the pick-up tube consists of R; and C; in parallel, C; being the 
combined output capacitance of the pick-up tube, stray and wiring capacitances, and the 
input capacitance of the first video amplifier stage. The video amplifier stages following 
the input circuit are designed for uniform response over the required band width. These 
feed a high-peaker stage V; having an effective plate load impedance Z at high frequencies 
consisting of Ry and Lz in series (neglecting C2). Since the internal impedance of both the 
pick-up tube and V; will be relatively high (they may be considered as constant-current 
generators) and since the amplifier between the pick-up tube and Vj, is designed for uni- 
form response, the overall response of the system is proportional to the product ZZ. If 
the values of Z; and Z,: are chosen so that ZiZ2 = A” = constant (inverse networks), an 
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Fie. 3. High Peaker Stage Utilizing Variable Cathode By-pass 


overall flat response will be obtained for frequencies below the point where the resonance 
of C2 with L, begins to have important effect. This condition is fulfilled when RC; = 
In/R:. It has been found that, if Lz is chosen such that the resonance of C2 with Lz occurs 
at a frequency about 1.5 or more times higher than the top video frequency for which the 
balance of the amplifier is designed, the effect of Cz can be neglected. 

Obviously, by adding a series coil to the input circuit, a pair of inverse networks could 
be provided which would exactly compensate for the distortion including the effect of C». 
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From a practical standpoint, however, the simpler arrangement of Fig. 2 has been found 
to give satisfactory results. Two other high-peaker circuits which are simple and yet can 
be designed to give satisfactory compensation over a reasonably wide band are illustrated 
in Figs. 3 and 4. A variety of other circuits and compensation methods can also be used. 

The low-frequency compensation of the preamplifier generally follows standard practice, 
the amplifier being designed to pass without appreciable distortion a 60-cycle square wave 
applied to the input terminals. In some designs of Iconoscope preamplifiers, an additional 
network consisting of 150,000 to 300,000 ohms shunted by 0.001 to 0.005 yf is placed in 
series with the low-potential end of the signal load resistor to obtain improved operation 
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Fie. 4. High Peaker with Variable Series Capacitor 


at low and medium frequencies. When this is done, an appropriate network must be in- 
serted in one of the later stages of the amplifying system to compensate for this low- 
frequency pre-emphasis. 


13. STUDIO EQUIPMENT 


CONTROL ROOM. In a typical studio control room for Iconoscope cameras, the 
rack equipment for each camera chain consists of the following: 

(a) Horizontal deflection sawtooth wave generator, with the output modulated by 
sawtooth waves of vertical frequency for keystoning. The amplitude of the sawtooth 
wave, as well as the amount of keystoning, is adjustable. An output transformer feeds 
the low-impedance deflection coils in the camera via a 75-ohm coaxial cable. An im- 
pedance step-up transformer located in the camera is sometimes used to feed the de- 
flection coils. 

(b) Vertical deflection sawtooth wave generator with an output transformer feeding a 
75-ohm coaxial line which connects to the camera vertical deflection coils. An impedance 
step-up transformer located in the camera is sometimes used to feed the deflection coils. 

(c) Regulated power supplies for deflection amplifiers, video amplifiers, and the Icono- 
scope. 

(d) Studio amplifier. This amplifier provides video outputs for feeding monitoring 
circuits and the master control room. The output circuits feed 75-ohm coaxial lines at a 
signal voltage level between 0.5 volt and 1.0 volt peak to peak, depending on the standard 
level adopted for a given plant. The output of the studio amplifier contains picture 
blanking signals but not synchronizing signals. An excess of picture blanking signals is 
introduced in one of the later stages of the studio amplifier followed by an adjustable 
clipper or pedestal (brightness) control. The amplifier is provided with a video gain con- 
trol. 

(e) Shading amplifier. Certain types of camera tubes, including the Iconoscope, gen- 
erate a spurious signal output in addition to the signals representative of picture informa- 
tion. The effect on the television picture of uncompensated spurious signals is to produce 
shaded areas not present in the original scene. 
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It has been found in practice that the effect of spurious signals can readily be compen- 
sated by the addition of a few simple wave forms of appropriate amplitude and polarity to 
the camera video output. Since the shading wave forms and amplitudes required vary 
with scene illumination, it is the practice to provide individual manual adjustment of 
shading waveforms for each Iconoscope camera. Pick-up tubes which do not always re- 
quire shading signals are the Image Dissector, the RCA type 1840 Orthicon, and the 
Image Orthicon. 

The following shading wave forms, adjustable in amplitude and polarity, are provided 
for each camera chain: (1) horizontal sawtooth; (2) vertical sawtooth; (3) horizontal 
parabola (adjustable clipping); (4) vertical parabola (adjustable clipping); (5) vertical 
sine wave with adjustable phase (the inclusion of vertical sine wave is optional). 

When a studio is equipped with more than one Iconoscope camera, it is usually econom- 
ical to provide a shading generator having a low-impedance pushpull output bus for each 
shading wave form. Relatively high-impedance center-tapped potentiometers can then 
be connected in parallel with these buses to feed a shading isolation and mixing amplifier, 
associated with each camera chain. 

Shading signals should be added to the video signal in a low-level stage of the video sys- 
tem prior to the introduction of picture blanking. Introduction of shading into a low- 
level stage (it is sometimes fed into an early stage of the preamplifier in the camera) tends 
to prevent overload of the higher-level stages due to uncompensated tilt in the video signal 
wave form. 

The following operating controls should be located on the studio console for each camera 
chain: (1) Iconoscope beam current; (2) Iconoscope focus; (3) video gain (contrast); (4) 
pedestal (brightness); (5) all shading controls. 

The following controls which generally require attention only during initial warm-up 
of the equipment need not be mounted on the console but should be within easy reach of 
the video operator: (1) vertical deflection amplitude; (2) vertical deflection centering; 
(3) keystone adjustment; (4) horizontal deflection amplitude; (5) horizontal deflection 
centering; (6) bias light adjustment. 

Though the example given above deals with Iconoscope cameras, the same general 
principles and layout apply for other types of pick-up tubes, except, of course, that dif- 
ferent arrangements of operating controls and adjustments are necessary. The need for 
shading signals is generally associated with Iconoscopes alone, but availability of at least 
sawtooth and parabola wave forms is often advantageous when using other types of camera 
tubes which nominally do not require it. Thus a tube with somewhat non-uniform sen- 
sitivity over different parts of its photoelement may produce a satisfactory picture if 
shading signals are available. 

AMPLIFIER DESIGN. In the usual equipment layout, the studio amplifier performs 
the following functions: 

1. Provides for the insertion of shading wave forms if they have not previously been 
added in the preamplifier. 

2. Provides for the addition of picture blanking signals of adjustable amplitude to the 
video signal. 

3. Provides for variable gain control (automatic gain control is sometimes used) of the 
video signal. 

4. May include one or more of the following corrective features: (4) gamma correction; 
(b) aperture distortion correction; (c) correction for phase distortion. 

5. The studio amplifier usually provides at least two independent outputs of combined 
video and blanking signals at levels of 0.5 volt to 1.0 volt peak to peak at 75-ohm im- 
pedance. One of these outputs normally feeds the master control and switching point 
where the studio output may be switched to the transmitter. The other output feeds the 
local studio picture monitoring circuits. 

The video coupling networks used in the studio amplifier follow the conventional de- 
signs. Shading signals are generally added via a tube whose plate or cathode feeds an 
impedance common to a plate or cathode of one of the video stages. Blanking signals 
are generally added through a tube whose plate feeds an impedance common to the plate 
of one of the later video amplifying stages. An excess of picture blanking signal is added, 
being clipped off by a variable clipping arrangement in the following video stage. Care 
should be exercised in the design to provide an exceptionally linear clipping arrangement 
to avoid crowding of signal voltages corresponding to the darker portions of the picture. 

MONITORING AND SWITCHING FACILITIES. Studio monitoring facilities gen- 
erally consist of a picture monitor showing the outgoing picture plus one picture preview 
monitor for each camera in operation in the studio. The outgoing picture or ‘‘on the air” 
monitor should preferably be fed through a return feed from the master control point and 
should be synchronized from the synchronizing signals which have been added to the video 
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and blanking components at the master control point. The preview monitors are gen- 
erally of the ‘‘driven type,” i.e., locked-in by the horizontal and vertical driving pulses 
utilized to operate the camera deflection circuits. When this is done, the preview monitors 
iaay be switched from one camera output to another without loss of synchronization. 
Also, since the camera outputs normally do not provide synchronizing signals, the use of 
driving impulses gives more stable results than blanking signals for preview monitor 
synchronization. The on-the-air monitor should be synchronized from pulses contained 
in the composite input signal, however, because it is often necessary to connect it to view 
pictures supplied from other sources in the normal course of operations. 

One satisfactory method of switching the video monitors is to provide them with high- 
impedance inputs (via cathode followers in some designs) so that one or more can be 
switched to the 75-ohm monitoring output bus of any one of the studio amplifiers. Mon- 
itor switching may be accomplished by mechanical switches, by switching relays, or by 
electronic means. A relay switching system controlled by a set of pushbuttons and in- 
dicator lamps mounted on the control console is sometimes used. 

In addition to picture monitoring facilities, wave-form monitors have to be provided 
as a continuous check on the shading and voltage level of the signal generated by each cam- 
era chain as well as that being fed out of the studio. A pushbutton-controlled switching 
system for the wave-form monitors is desirable. 

TIME DELAY NETWORKS. In the usual television studio plant having more than 
one studio or signal source, it is the practice to add the synchronizing signals to the video 
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Fic. 5. Delay Network Employing Negative Mutual Inductance 


and blanking signals at one point in the system, usually the master switching or control 
point. This is done for the following reasons: (1) failure of the studio output does not 
disturb the transmitter or throw receivers out of synchronization; (2) synchronizing signal 
level fed to the transmitter can be made independent of variations in studio output level; 
(3) insertion of synchronizing signals in the system at a single point just prior to the studio- 
transmitter link is the most practical way to maintain synchronizing signals at the exact 
level required by the transmitter. 

Since the cables connecting the various studios with the master control position are 
usually of different lengths, electrical networks are employed to delay the signals arriving 
via shorter cables so that the proper “front porch” margin between the starting time of the 
horizontal picture blanking pulses and the starting time of the horizontal synchronizing 
pulses will be maintained when synchronizing signals are added. The delay networks 
usually consist of a number of sections of artificial line utilizing lumped constants. Though 
it would be possible to insert the delay networks in the studio video outputs, it is gen- 
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erally preferable to insert them in the coaxial lines feeding the studio with the camera driv- 
ing, camera blanking, and picture blanking signals. This is more economical as less perfect 
delay networks can be used and the effects of any slight transmission line reflections due 
to incorrect termination can readily be removed by clipper stages in the studio deflection 
and blanking amplifiers. 

DESIGN OF DELAY NETWORKS. Studio delay networks may be designed in a 
number of forms. A common type is an artificial line with Z) = 75 ohms in the form of a 
ladder network with a number of series coils and shunt capacitors. This type of artificial 
line may be treated as a low-pass filter with the cut-off chosen somewhat higher than the 
top operating frequency. As in usual filter practice, this type of network is best ter- 
minated by a double M-derived network at its output. A design using negative mutual 
inductance which gives excellent performance is shown in Fig. 5. The top operating fre- 
quency may be chosen on the basis of the number of harmonics of line-scanning frequency 
required to reproduce a pulse of a given steepness. The order n of the highest harmonic 
required is n = 100/p, where p is the time of rise of the wave expressed in percentage of 
the fundamental period (reference 35). 

Continuous lengths of transmission line can be used in lieu of lumped delay networks. 
_If a continuous length of line is used for time delay, it should have reasonably low attenua- 
tion and uniform time delay over the required frequency band. 


14. GAMMA (TRANSFER CHARACTERISTIC) 


The term gamma (y), has been used to define the slope of the curve of the logarithm of 
image brightness vs. the logarithm of object brightness (reference 36). Unless otherwise 
specified, the slope y refers to the central linear portion of the curve, between the ex- 
tremities of the brightness values considered. 

Though the term gamma is a useful concept when making comparisons with photog- 
raphy, the trend is away from it in connection with television systems. As a matter of 
fact, the term must be applied with caution since it often leads to erroneous conclusions. 
The reason for this is twofold. First, gamma, being a numeric and referring only to the 
central portion of the characteristic, tells nothing about the effect of the shape of the toe 
and knee of the curve; second, the concept is difficult to apply in many portions of the 
television system where a reference to picture black is not directly available. Therefore, 
the term gamma, if used at all, should be restricted to comparisons of original scene bright- 
nesses and final image brightnesses in an overall sense. 

“Transfer characteristic’ (reference 28) is the name that has been given to the logarith- 
mic plot of light input vs. signal voltage output of a television transducer. Thus, the 
Iconoscope performance curve of Fig. 1, plotted to logarithmic coordinates, could be called 
the “‘signal current vs. illumination transfer characteristic’’ of an Iconoscope. 

GAMMA CORRECTION. It can be shown that the overall signal-to-noise ratio of a 
television pick-up, transmitting, and receiving system is improved by transmitting a 
logarithmic light vs. voltage characteristic. Though the exact shape of the curve has not 
been standardized (1949), it appears to be accepted that the light vs voltage character- 
istic of the Iconoscope (see Fig. 1) is close to the ideal shape. The reproducer normally 
has the opposite curvature to Fig. 1. This is conveniently obtained by providing a picture 
tube with the required light output vs. grid voltage transfer characteristic. 

When a pick-up tube such as an Image Dissector or an RCA type 1840 Orthicon, having 
linear voltage output vs. illumination transfer characteristic, is used, it is necessary to 
incorporate a non-linear element in the amplifying system to achieve the desired logarith- 
mic curvature. An amplifier designed for this purpose is called a gamma-correction 
amplifier. 

A wide variety of circuits may be used for gamma correction. The following design 
principles apply: (a) Black level must be established at the input to correction stage so 
that the correction can be applied independent of the excursions of the AC axis of the video 
signal with respect to black level. (6) The correction should be applied prior to the video 
stage in which picture blanking pedestals are inserted. (c) The correction amplifier should 
be designed so that the amount of correction applied is variable between no correction at 
all and the maximum value. The maximum value is limited by the minimum signal-to- 
noise ratio that can be tolerated. A difference in video gain between the signals corre- 
sponding to the dark portions and the light portions of the picture of 10 : 1 or even 100 : 1 
is often desirable. A gain difference of 10 times is the most that can be used in many 
cases, however, owing to signal-to-noise ratio limitations. The amount of correction to 
be applied for a given scene is subject to artistic as well as technical requirements. (d) 
For a television system capable of reproducing only a relatively narrow contrast range, the 
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exact shape of the gamma-correction curve is relatively unimportant as far as the eye is 


concerned when viewing the overall result. ; 
A common type of gamma-correction amplifier utilizing tubes of different character- 


istics in parallel is shown in Fig. 6. Another system having a diode connected across the 
cathode resistor of a video stage is shown in Fig. 7. 
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15. APERTURE CORRECTION 


When the size of the pick-up or reproducer scanning spot is appreciable compared to a 
picture element, aperture distortion takes place. For a mechanical scanning system or 
an equivalent system in which the dimensions of the scanning spot are accurately known, 
the amplitude vs. frequency distortion caused by the finite size of the aperture may be 
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accurately calculated (reference 6). For cathode-ray systems the effects of aperture dis- 
tortion are best determined by test. In a pick-up tube using cathode-ray beam scanning, 
for example, the effects of aperture distortion may be measured by determining the signal 
output obtained by scanning different patterns of uniformly illuminated alternate black 
and white lines of various pitches. A measured signal output vs. picture element size 
curve having been obtained for a given type pick-up tube, an amplitude correction equal- 
izing network may be designed to compensate for the aperture distortion (reference 2). 
The complete aperture correction equalizer should include a phase equalizer to compensate 
for any phase distortion introduced by the amplitude correction network. Apertures of 
irregular shape may also introduce phase distortion. The aperture correction network, 
if designed for a characteristic impedance of 75 ohms, may be connected between the studio 
amplifier output and the coaxial line feeding the master control position. 

The amount of aperture correction that can be applied in a given case is limited by the 
extent to which a corresponding reduction in the signal-to-noise ratio of the studio output 
can be tolerated. As a practical matter, it is found that the inherent resolution capa- 
bilities of most types of television pick-up tubes is great enough so that a special network 
for aperture correction is unnecessary. Adjustment of the high-peaker stage (see article 
_ 12) for the sharpest picture may often include some inadvertent correction for aperture- 

distortion effects. 


16. FILM PICK-UP 


To assure program centinuity and flexibility the following may be considered the min- 
imum equipment requirements for the television film pick-up studio: (1) two television 
film pick-up cameras with associated control, monitoring, and amplifying equipment; (2) 
two 35-mm sound-motion-picture projectors; (3) two 16-mm sound-motion-picture pro- 
jectors; (4) two 35-mm slide projectors; (5) sound control and monitoring facilities. 

The amplifying, control, and monitoring equipment for the film pick-up studio is es- 
sentially the same as that for the direct pick-up studio. Additional console controls re- 
quired are remote projector starting and phasing. Since the synchronizing generator is 
generally locked-in with the local power mains, synchronous motors are used to operate the 
film projectors. A convenient method of phasing the projectors is to shift the phase of the 
synchronizing-generator 60-cycle reference voltage, thereby shifting the phase of camera 
scanning with respect to the projector. Mechanical phasing methods are also satisfactory. 

Both storage and non-storage types of pick-up tubes are suitable for television film 
pick-up. Since the standard sound film frame rate is 24 per second and the standard tele- 
vision frame rate is 30 per second, the difference is made up by scanning consecutive 
frames 2 and 3 times respectively at the 60-cycle interlaced field deflection rate. 

In the case of non-storage-type pick-up tubes, such as the Image Dissector, the optical 
image of the film or an appropriate section of it must be projected optically on the photo- 
cathode at the time scanning takes place. Intermittent film projection is not considered 
practical for non-storage tubes since the film pull-down time is limited to approximately 
0.00117 second according to present standards. Special projection methods are therefore 
required. Some of these employ uniform motion of the film in conjunction with optical 
and electronic means to provide scanning of alternate film frames in the required 2,3 
sequence (reference 37). 

For storage-type pick-up tubes, such as the Iconoscope, the optical image is flashed on 
the mosaic during vertical blanking time and the stored ‘‘charge-image”’ scanned off dur- 
ing the normal vertical scanning time (reference 38). The film is moved during the ver- 
tical scanning time when the mosaic is dark. For 35-mm film a special intermittent mo- 
tion designed so that the interval between pull-downs alternates between 1/o9 and 1/39 
second may be used to attain the required projection sequence, the maximum film pull- 
down time available being approximately 0.015 second under 1946 standards. Projectors 
for 16-mm film can be designed for a pull-down time of 0.007 second or less, in which case 
a normal equally spaced intermittent may be used. A synchronously driven rotating 
shutter placed between the projector lens and the pick-up tube is used to flash the picture 
onthe mosaic. Proper phasing between the light flashes and the scanning may be obtained 
by mechanical or electrical means. 

Automatic brightness control (automatic adjustment of the picture blanking clipper 
bias in the studio amplifier) may be provided for film pick-up by means of an auxiliary 
photocell to pick up the light from the film a few frames ahead of projection. This photo- 
cell output is integrated and applied to the blanking clipper bias circuit. 
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i7. MASTER CONTROL POSITION 


In the usual television plant, where there are several signal sources, including remote 
pick-ups, all switching and the final monitoring of the signal before it is sent to the trans- 
mitter are done at a central point called the master control position. The synchronizing 
generator, the synchronizing signal distribution amplifiers, the video line amplifiers, and 
the various items of test equipment used in connection with operations are usually located 
in a main equipment room adjacent to the master control position. 

A typical studio master control pulse and video system layout is shown in F ig. 8. The 
synchronizing generator outputs are fed to the inputs of a number of pulse distribution 
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amplifiers as shown. A separate pulse distribution amplifier feeds each studio and the 
monoscope. A separate distribution amplifier is also reserved for synchronizing signals. 
This system of pulse distribution isolates one studio from another so that an accidental 
short circuit or failure in a pulse line to one studio cannot affect the others. A spare pulse 
distribution amplifier is held in readiness in case of failure of one of the amplifiers. It is 
also good practice to have a spare synchronizing generator in operation at all times and to 
provide means for quickly switching it into service if the regular generator fails. 

As shown in the diagram, delay networks are inserted in the pulse lines to all studios 
except the one having the longest cable run. The delay networks are adjusted (by adding 
or removing sections) so that the time of arrival of the blanking signals from each studio 
at the master control position switching relays will be the same and will be such that the 
proper front porch delay of synchronizing signals will be maintained when the signals are 
added. There is generally enough coincidental time delay in the camera vertical deflection 
system so that no delay networks are required to time the vertical pulses properly. It will 
be noted that the output of each studio camera is brought to a bank of switching relays as- 
sociated with that studio and located at the master control position. These relay switch- 
ing banks in turn feed isolation amplifiers which are arranged to feed banks of relays con- 
necting the studio outputs to the line amplifier inputs. Each line amplifier provides two 
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outputs, one of which can be patched to feed the transmitter and the other can provide a 
monitoring return-feed to one of the studios. 

Normally, only one or two of the amplifiers (regular and spare) will be used for feeding 
the picture transmitter. The other line amplifiers are patched to provide monitoring feeds 
for the studio control rooms, announcers’ booths, clients’ booths, or other points in the 
television plant where line-fed monitors are used. As indicated, coaxial patch cords in 
connection with coaxial jacks are provided so that changes in system interconnections can 
be rapidly effected as dictated by operating requirements. In addition, a number of spare 
coaxia] cables connecting to each studio terminate in a jack-field adjacent to the master 
control console. This makes it possible to patch up special circuit arrangements as re- 
quired. Means are also provided for patching up special control circuits. For example, 
the effects studio output, which may be a picture of a title slide, can be patched into one 
of the spare camera relays in the relay bank associated with the direct pick-up studio. 
Thus the video operator in the direct pick-up studio merely presses a camera switching 
button when he wishes to insert the slide in the outgoing program. 

The master control position is equipped with picture and wave-form monitoring facil- 
ities, a television receiver used as an off-the-air monitor, and audio monitoring equipment. 
The master control desk is normally equipped with a pushbutton-controlled monitoring 
system so that the incoming picture from any of the sources can be checked as required. 
A wave-form monitor associated with the picture monitor is used for checking signal levels, 
pulse wave forms, ete.. All program switching between the various signal sources and the 
transmitter is done at the master control position. 

A control unit for handling remote pick-ups consisting of a picture monitor, a wave- 
form monitor, and a variable gain video amplifier is usually provided. The output of this 
unit feeds into one of the relays in the line amplifier bank as shown. A relay is also pro- 
vided to open the line amplifier synchronizing signal input when the remote relay closes, 
as the remote signal normally arrives complete with synchronizing signals. When the 
remote synchronizing generator is locked-in with the same power supply as the main 
generator, it is possible to adjust the phase of the two synchronizing signals so that the 
rapid switch from local to remote pick-up causes no appreciable disturbance of receiver 
scanning. 

Conventional relay interlock systems are used to prevent closing of more than one relay 
in a particular bank at any time and-to drop out one relay when the next is picked up. 
Magnetic delay circuits can be arranged to delay the drop-out of one relay until just before 
the next closes. 

A wide variety of electronic fading and switching systems may be used in addition to the 
relay system shown. Fades, lap dissolves, superposition of one image on another, in 
whole or in part, may be accomplished electronically. 

SYNCHRONIZING GENERATOR. Electronic synchronizing signal generators, 
rather than electromechanical generators, are almost universally used for providing the 
pulses needed to operate the television plant. The type generally used (reference 27) 
incorporates an AFC oscillator operating at double line frequency in connection with a 
frequency divider having an output at field frequency. The output of a discriminator 
comparing the local 60-cycle power frequency with the output of the frequency divider 
controls the AFC oscillator. By means of a number of multivibrators, delay networks, 
and pulse shaping networks, the generator provides the following outputs: (1) synchroniz- 
ing signals; (2) line-frequency driving pulses; (3) field-frequency driving pulses; (4) camera 
blanking signals; (5) picture blanking signals. Controls are provided for regulating the 
duration times or ‘‘widths’’ of the various pulses. The relative starting times of the 
various pulses are usually controlled by means of an electrical delay network incorporated 
within the unit. The outputs of the synchronizing generator are normally available at 
peak-to-peak voltages of 4 to 6 volts at an impedance of 75 ohms. 

The general practice has been to use the local 60-cycle power source for locking-in the 
synchronizing generator. However, some designs incorporate a selector switch for locking 
the synchronizing generator in either with the local power frequency or with a subharmonic 
of a crystal oscillator. Operation of the synchronizing generator from a stabilized fre- 
quency source independent of the local 60-cycle ‘power mains has many advantages. 


18. PULSE MEASUREMENTS 


In order to insure that the transmitted blanking and synchronizing pulse wave forms con- 
form to the FCC standards, the television broadcasting plant must be provided with test 
equipment for measurement of the relative starting times, slopes, and duration times of 


these pulses. 
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Space does not permit a discussion of the great variety of measurement techniques that 
can be or have been successfully used. However, the following have been found to be 
convenient and are sufficiently accurate for practical purposes (reference 35): 

SINE-WAVE SWEEP. A method that allows rapid and accurate checks to be made 
of pulse slopes, widths, and delay times utilizes an oscilloscope with sine-wave sweep of 


9 
90 <0: a 90 
4 ‘ 
40 2 
39 
100 30°\ 29 | 80-8 
29 
110 2 70 7 
20 
{ | 
12 60 6 
45 


49 


13 50 
D i Cc Ca 
To 
50 
40 

2 40 

140 9 
a 
.-7 
4 

4 

150 OR, 6 30 3 
sine? D o1! 
aa ar (for 0% to 3%) 
Ae) 
S 
160 sine? D w& = 20 
rie epee (for 3% to 50%) 4b 
3x7 
2 
170 .O-et 
wade 
expanded scale 
\ 

180 fe) 0 


Fic. 9. Alignment Chart for Pulse Width, Scope, and Relative Time Delay Measurements Using 
Sine Wave Horizontal Sweep 


either line or field scanning frequency depending on the character of the pulse to be meas- 
ured (reference 35). The line-frequency sine wave is obtained by filtering out the fun- 
damental of the horizontal pulses from either the synchronizing signal, the picture or 
camera blanking signals, or the horizontal driving pulses. For accurate results, the sine 
wave used for measurement purposes should be well filtered so that the arithmetic sum of 
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all harmonics does not exceed 1 per cent. The local 60-cycle a-c mains, filtered as re- 
quired, may be used as a source of field-frequency sine wave if the field frequency is locked 
in with the local power source. The oscilloscope used should have a linear horizontal 
sweep width of about 100 mm minimum. Pulse widths are measured by shifting the pulse 
to the center of the screen by means of a sweep phase shifter and measuring the dimensions 
indicated on Fig. 9 with a transparent millimeter scale at the 10 and 90 per cent amplitude 
points of the wave. 

The width of the pulse in percentage of a sine wave period may then be obtained from 
the nomographic chart. The expanded scale should be used for widths of less than 3 per 
cent. Pulse slopes are measured by shifting the pulse edge in question to the center of the 
screen so that the 10 and 90 per cent amplitude points are symmetrically disposed about 
the center line of the sweep and scaling C or C4 and D. The C dimension appears mag- 
nified compared to linear sweep when sine wave is used, and the accuracy of measurement 
is thereby enhanced. Pulse delay times may be measured with respect to a specific time 
(such as the starting time of horizontal blanking) by shifting the phase of the sweep until 
the starting time of horizontal blanking and the starting time of the pulse in question ap- 
pear symmetrically disposed about the center line of the horizontal sweep. C and D may 
then be scaled off and the relative delay in percentage of a horizontal scanning period read 
from the chart. The delay time of a network may be similarly measured by comparing 
the difference in position on the sweep of an input and output test pulse. 

A variation of the sine-wave method uses an accurate phase shifter calibrated in per- 
centage of a scanning period. This does away with chart and millimeter scales, and the 
linearity of horizontal sweep of the oscilloscope is no longer a factor as slopes and widths 
may be read off by shifting the wave known amounts with respect to a fine vertical line 
drawn down the center of the oscilloscope screen. 

PULSE CROSS METHOD. The number of vertical synchronizing signal sections, 
the number of equalizing impulses before and after the vertical synchronizing impulse, 
and the approximate widths of the synchronizing and blanking signals may be determined 
by the pulse cross method (reference 35). These determinations are accomplished by 
locking in the picture monitor with horizontal and vertical pulses which have been delayed 
half a period and reversing the polarity of the composite video input signal. The pulse 
and blanking signals then appear as a white cross in the center of the picture tube screen. 
The items mentioned above may then be determined by measurement and observation of 
this pattern. The vertical deflection amplitude should be expanded by about 3 : 1 while 
making this test. A simple switching arrangement can be arranged to shift the picture 
monitor from normal to pulse cross operation rapidly during operation. 


19. OVERALL VIDEO SYSTEM RESPONSE 


In the usual television plant the picture signals pass through a relatively large number of 
amplifier stages in cascade in traveling from the camera to the transmitter. The transient 
response of the overall system must therefore be given careful consideration. A small 
phase or amplitude distortion in each individual stage has a cumulative effect when a 
large number of stages is operated in cascade (reference 39). The overall effect of such 
distortion when not compensated is to cause transients of an oscillatory nature to occur 
whenever the scanning spot encounters an abrupt change in scene brightness. 

Mathematical analysis of the overall transient characteristics of a practical system is 
not only difficult but is complicated by the fact that all stages will not ordinarily use 
identical forms of high-frequency compensation or peaking. A practical engineering ap- 
proach to the problem which yields a satisfactory solution is the following: (a) When laying 
out the plant, an accurate estimate can be made of the number of stages likely to be con- 
nected in cascade. This estimate can be used in conjunction with published data (refer- 
ence 39) to decide on reasonable values of design parameters for high-frequency com- 
pensation of individual stages. (b) The design parameters for high-frequency video com- 
pensation having been chosen, the time delay distortion, due to a number of stages in cas- 
cade, can be calculated. If the difference in transmission time between medium fre- 
quencies (100 to 200 ke) and high frequencies (5 Mc) for the number of stages in cascade 
begins to approach an appreciable fraction of the time of one picture element, then it is 
advisable either to choose other design parameters giving smaller time delay distortion 
per stage or to employ a properly designed phase compensation network. (c) It is ad- 
visable to choose video amplifier design parameters such that the overall video amplitude 
response will be uniform within +1db. This can be accomplished by choosing a top video 
frequency (for design purposes) somewhat higher than the nominal top frequency handled 
by the transmitter. Thus, the studio equipment amplifiers might be designed and com- 
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pensated for a top frequency of 6 Me to assure uniform overall amplitude characteristics 
up to the 4.5-Mc nominal top frequency dictated by present standards. When this is 
done, however, care should be taken that there are no appreciable peaks in the amplitude 
response beyond 4.5 Mc. A gradual decay in amplitude response beyond 4.5 Me rather 
than an abrupt change is desirable. (d) The low-frequency compensation of the video 
system (60 cycles to 100 kc) should follow conventional principles, considering the number 
of amplifier stages in cascade. (e) Having observed the above design precautions and pro- 
vided a system having uniform amplitude response (within +1 db) from 60 cycles to 4.5 
or more megacycles, the overall transient characteristics of the system should be investi- 
gated experimentally by square-wave techniques. The low-frequency transient response 
may be investigated by means of 60-cycle square waves. The high-frequency transient 
response may be investigated using steep-sided square waves of a fundamental frequency 
of 100 ke (reference 42). The 100-ke square wave should be of sufficient steepness to repre- 
sent harmonics of 100 ke beyond the cut-off frequency of the system. The equivalent 
phase and amplitude characteristics of the system may be obtained from the square-wave 
response wave shape either by mathematical analysis or by means of special charts (refer- 
ence 40). Appropriate phase and amplitude correction networks may be designed on the 
basis of square-wave test data. 

Standards should be set as to the maximum allowable amount of overshoot and follow- 
ing transients that can be tolerated in the square-wave response characteristics of a tele- 
vision broadcast system. In any specific case, however, one can form an opinion as to 
whether objectionable transient effects exist by observing the television image, preferably 
an image of a resolution test pattern having a number of sharply defined boundaries of 
high difference in contrast. An overshoot or oscillatory transient differing by 2 per cent 
from the final steady-state value of a square wave will normally be noticeable in the image. 


20. TELEVISION FIELD PICK-UP EQUIPMENT 


From the electrical standpoint, television field pick-up equipment is quite similar to 
studio equipment, the major circuit functions being identical. Mechanically, however, 
the equipment is usually segregated into small, light-weight units of suitcase style so that 
it may be readily transported (reference 44). 

A block diagram of a typical complement of field pick-up equipment for two cameras is 
given in Fig. 10. 
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21. RELAY OF TELEVISION SIGNAL 


Television network facilities may be classified as “‘intercity’’ and ‘“‘local.”’ 


Under the 


first category are included long-distance coaxial carrier cables and radio relay multilink 


circuits. The latter class includes 
existing telephone pairs and special 
shielded television pairs, video co- 
axial cables, and short-haul micro- 
wave radio pick-up links. 
INTERCITY TELEVISION FA- 
CILITIES. Coaxial cables (refer- 
ences 45 and 46). The long-distance 
coaxial cables consist of several co- 
axials enclosed in a lead sheath 
along with ordinary paper-insu- 
lated telephone pairs. A 3/s-in. 
_longitudinal seam coaxial is com- 
mon, although 0.27-in. coaxials 
have also been used. Figure 11 
pictures a coaxial unit open at the 
end to show the construction. See 
also Section 10. 
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Figure 12 shows the characteristic impedance, the phase delay, and the attenuation of 


3/g-in. coaxials. 
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Fia. 12. Transmission Characteristics of a Coaxial Cable 
Constructed as in Fig. 11 (outside diameter, 3/g inch) 


The useful frequency range for television purposes on such a system de- 


pends upon the type and spacing of 
the repeaters. The present coaxial 
system employs repeaters at approxi- 
mately 8-mile intervals and transmits 
television with a 311l-ke carrier up to 
about 3.1 Me, giving a 2.8-Me video 
band. These lines must be carefully 
equalized for gain and delay character- 
istics. Figure 13 shows overall char- 
acteristics obtained (1946) on the New 
York—Washington coaxial system. 
Transmission of television signals 
over local video facilities is direct; i.e., 
the entire band of frequencies pro- 
duced by the television camera from 
a few cycles per second to high fre- 
quencies is transmitted directly over 
the line. On long-distance coaxial 
facilities, however, a carrier method of 
transmission is used to avoid the 
effects of low-frequency interference. 
By using a relatively low carrier fre- 
quency and vestigial sideband trans- 
mission, the band-width requirements 
of the repeaters are not materially in- 
creased Over a noncarrier system. 
Figure 14 illustrates a typical carrier 
transmission system for a 2.8-Mc pass 
band in which a dual modulation and 
demodulation process is utilized. 
Only the frequencies above about 
200 ke are used to transmit the tele- 
vision signal over the line, although 
the space below 200 ke may be 
used for the accompanying sound- 
program channel. The main reason 
for not using very low frequencies 
is that such coaxial systems would 
be noisy and difficult to equalize. 
In the frequency range used, coaxial 
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systems are extremely quiet and relatively easy to equalize. For very long distances, the 
cost and complexity of the terminal apparatus are small compared to those of the rest of 
the circuit, but for short video facilities they might be objectionable. 
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Fia. 13. Overall Characteristics of the New York—-Washington Coaxial Circuit (1946) 


Microwave Radio Relay (reference 47). Multilink radio relay systems also provide an 
important network facility for the transmission of television programs. No general rules 
can be given governing the choice between coaxial cable and radio relay, however, as each 
specific installation must be carefully studied from a number of standpoints. Among 
the factors governing such a choice, economic considerations will usually be paramount. 
Such questions as relative operating and maintenance costs and network reliability must 
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Fie. 14. Diagram of a Typical Dual Modulation and Demodulation Process Used for Transmission 
of a 2.8 Megacycle Video Band over a Long Coaxial Cable 


also be considered for each installation. Figure 15 indicates the repeater gains required | 
for both methods of transmission assuming a useful band width of 5 Me. It will be noted 
that, except for extremely large-diameter coaxial cable, fewer repeaters are necessary for 
the radio relay system. This figure also illustrates the reduction in repeater gain which 


may be effected by employing the higher frequencies in the microwave region when a given 
size antenna reflector is used. 
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LOCAL TELEVISION CIRCUIT FACILITIES. Various local television transmission 
facilities may include ordinary telephone pairs, specially designed shielded pairs, coaxial 


cables, or microwave radio sys- 
tems. Intracity wire transmis- 
sion of television is accom- 
plished at video frequencies 
thus avoiding the use of carrier 
terminals for the short dis- 
tances encountered. 

Telephone Pairs (references 
45 and 46). Typical transmis- 
sion characteristics of tele- 
phone pairs are shown in Fig. 
16. Because of the large at- 
tenuation of the higher video 
frequencies, it is necessary to 
install suitable amplifiers at 

_ spacings of an average length 
of 1 mile, though this interval 
may be increased somewhat 
when the larger gages are em- 
ployed. 

It is necessary to equalize the 
attenuation and phase charac- 
teristic vs. frequency of the 
telephone pairs over the video 
band of frequencies. This is 
accomplished by means of vari- 
able equalizers associated with 
each video amplifier. Pre-em- 
phasis of the level of the higher 
video frequencies is usually em- 
ployed in these transmission 
circuits to obtain an improved 
signal-to-noise ratio. 

Other factors to be consid- 
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ered in the use of telephone pairs for video transmission are the selection of suitable 
pairs within the cables and the removal of bridged taps on the pair selected. The selection 
of pairs within a chosen cable sheath is made with a view toward reducing interference 
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from adjacent circuits and to avoid cross-talk coupling around the video repeater. 


All 


bridged taps are removed to assure minimum impedance irregularities due to these lumped 


constants along the lines. 
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Shielded Pairs. Where it is desirable to extend the length of the wire circuit between 
video repeaters, the use of special shielded pair is indicated. An opened section of such a 
cable is shown in Fig. 17. The transmission characteristics of such a shielded pair are 
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Fic. 17. Low Loss Balanced Shielded Video Transmission Line 


given in Fig. 18. With this pair it is possible to extend the video repeater spacing to ap- 
proximately 3.5 miles. , 
This type of cable consists of a pair of No. 16 gage wires insulated and spaced by means 
of polyethylene strings. This core is then enclosed within a cylindrical shield formed with 
metal tapes. A number of these units may be enclosed in a lead sheath, or the shielded 
pair unit may be inserted in an 


aS ordinary telephone cable re- 

16 placing a certain number of the 

usual paper-insulated pairs. 

14 Coaxial Cable (references 45 
‘ and 46). Although of primary 
Ge importance for network facili- 
210 ties, coaxial cable may be used 
2 for intracity circuits of a more 
bane) permanent nature, such as stu- 
8 dio-transmitter link service. 


For short distances, transmis- 
sion of the video signals with- 
out utilizing a carrier system is 
practicable. The inherent un- 
balanced properties of the co- 
axial cable, however, usually 
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balancing circuit is shown in 
Fig. 19. Included in this figure is a simulated generator of low-frequency interference. 
It will be noted that noise current components flow in opposite directions through the cable 
terminating resistor R; and the hum balancing potentiometer Ro. By adjustment of the 
balancing potentiometer, a condition can be found such that equal and opposite noise 
voltages are developed between points a—b and points b-c. The noise is thereby reduced 
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Fie, 19. Hum Balancing System for a Coaxial Cable Having an External Lead Sheath I 
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at the input of the amplifier so that the signal voltages alone are applied between the 
grid and cathode of V3. 

Equalization of transmission of coaxial cables is usually accomplished by the use of an 
equalizing network inserted between the cable and the input of the receiving video amplifier. 
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In certain applications where coaxial and balanced transmission facilities are to be con- 
nected, special amplifier circuits or wide-band video repeating coils are employed to make 
the transition. 

Microwave Radio Relay. Microwave radio relay is also an important local facility 
for video transmission. Many television field programs, such as parades and special 
events broadcasts, are not repeated at frequent enough intervals from a given location to 
justify the expense of wire facility installations. Furthermore, programs originating at 
distances greater than 20 miles from the studio plant are usually more economically handled 
by radio relay. Proper evaluation of these and related factors is necessary to determine 
the choice between radio relay or wire facilities. Radio relay may also be employed for 
studio-transmitter link service. 

The power requirements for a microwave relay system may be approximated by the 
following formula. Although accurate only for the free-space propagation condition, 
application of this formula in practice where line of sight exists will yield results of suf- 
ficient accuracy to be useful. It should be noted that the maximum total received power 
due to ground reinforcement can approach, as a limit, four times the received power for 
free-space propagation as obtained from the formula. 

_ The free-space transmission formula is (reference 48): 


Pa 
A;,At 


where P; = power fed to transmitting antenna at input terminals \ 
P, = power available at output terminals of receiving antenna { 
A, = effective area of receiving antenna 
A; = effective area of transmitting antenna 
d = distance between antennas 
= wavelength 


Py= 


(5) 


Same units 
Same units 


The power necessary at the receiving antenna output terminals depends, among other 
factors, upon the signal-to-noise ratio requirements of the relay system. The noise level 
due to thermal agitation at 20 deg cent may be computed from the following expression 


(reference 47): P, = (0.8 X 1072°)(B) (6) 


where P,, = noise power in watts due to thermal agitation. 
B = twice the highest modulation frequency in cycles per second. 


In practice, the noise level due to all equipment causes will usually be between 10 and 15 
db above thermal. 

The effective area of an antenna is directly proportional to the power gain. The follow- 
ing tabulations indicate the effective areas of several typical antennas. 


ANTENNA EFFECTIVE AREA 
Isotropic radiator............. 2 /4x 
Half-wave dipole.............- 0.13052 
Parabolic reflector............. Two-thirds of the projected 


area of the paraboloid 


Several factors affect the effective area of a paraboloid, the most important being the 
efficiency of excitation. For example, the effective area is reduced to approximately 
three-eighths of the projected area when only half of the exciting antenna energy is directed 
toward the reflector. If transmission lines or wave guides are used in the antenna system, 
the attenuation due to these components should be taken into consideration when apply- 
ing the free-space-transmission formula. 
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Terminal equipment located at the television transmitting plant performs the function 
of raising the signal level delivered by the program source to that required by the trans- 
mitter and provides the necessary picture and wave-form monitoring facilities. The equip- 
ment is usually installed in a shielded room; it may consist of the following units: 

A. An amplifier with means of controlling the composite signal amplitude. 

B. An amplifier with independent amplitude control of the synchronizing and picture 
portions of the composite video signal. 

C. Video switching system to select one of several sources of signal. 

D. A line amplifier of sufficient output to meet the input level requirements of the video 
section of the transmitter. 


20-42 TELEVISION 


E. Picture and wave-form monitors. 1 

¥. Monitor switching system to select circuits to be monitored. j sh 

Figure 20 shows a simplified block diagram of the visual portion of a typical television 
transmitter plant. Equipment required for the television sound channel follows standard 
frequency-modulation broadcasting practice. : : 

VISUAL CARRIER FREQUENCY GENERATION. The r-f carrier signal for a tele- 
vision transmitter is generally developed by conventional methods. The primary source 
of radio-frequency energy is usually a highly stabilized quartz-crystal oscillator operated 
at a relatively low frequency. This low-frequency, low-power signal is multiplied and 
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Fie. 20. Picture Transmitter Block Diagram Showing Video Input Equipment 


amplified to the frequency and power level required at the modulated amplifier stage of 
the transmitter. 

MODULATION METHOD. A few of the many possible methods of modulating the 
visual carrier (reference 49) are illustrated in Fig. 21. Of these, grid-bias modulation is 
almost universally used. 

Modulation may be either at low or high r-f level. At low level the grid-bias-modulated 
r-f amplifier is followed by one or more class B linear r-f amplifier stages having the re- 
quired band-pass characteristics. 

MODULATED AMPLIFIER. The plate and grid (if grid-bias modulation is used) tank 
circuits of the modulated amplifier as well as all succeeding r-f stages must be capable of 
passing the generated sideband power without excessive amplitude or phase distortion. 
This requires tank circuits of relatively low impedance resulting in rather poor operating 
efficiencies as compared to sound transmitters. 

NEUTRALIZATION. The band-pass characteristic of a television transmitter using 
triode tubes depends not only upon the circuit elements but also upon the effectiveness of 
neutralization. At low frequencies, where lead inductances may be neglected, a simple 
capacitance bridge adequately represents the neutralizing circuits. At higher frequencies, 
however, where lead inductances become appreciable, additional compensation is usually 
necessary, especially for wide-band operation. Figure 22 indicates the stray inductances 
often encountered and methods of compensation (reference 50). Stray or undesired cou- 
pling between input and output circuits not only disturbs neutralization but also affects 
the band-pass characteristics of the amplifier. 
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D-C TRANSMISSION. According to 1946 standards, the tips of the synchronizing 
signals correspond to maximum carrier envelope amplitude, and this is held as nearly con- 
stant as possible during a given transmission. Black level, which corresponds to the base 
of the synchronizing pulses, is maintained at a fixed percentage of the maximum carrier 
envelope amplitude within narrow tolerance independent of the values of light and shade 
in the picture transmitted. In order to achieve this result one or more of the various forms 
of ‘“‘d-c restoration’’ circuits are used in the modulator stages of the transmitter. (See 
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VESTIGIAL SIDEBAND TRANSMISSION. A vestigial sideband system of television 
transmission (reference 51) is standard for commercial television broadcasting. The 
higher-frequency sideband components up to but not in excess of carrier plus 4.5 Me and 
the lower-frequency sideband components down to carrier frequency —0.75 Me are trans- 
mitted. The remainder of the low sideband energy must be attenuated as rapidly as 
possible and must reach and retain a low order of magnitude at frequencies lower than 
earrier frequency —1.25 Mc. Curve C of Fig. 20, article 9, illustrates the standard 
vestigial sideband transmission characteristic. 

Transmitters which are modulated at high power level must be followed by a vestigial 
sideband filter which absorbs the developed but undesired sideband energy (reference 
52). Vestigial sideband filters employ various configurations of elements and are usually 
constructed in the form of sections of concentric transmission lines of suitable lengths, 
diameters, and diameter ratios. A single section of one type of vestigial sideband filter 
is shown schematically in Fig. 23. Generally, two or more sections of this type of filter 
are used. In addition, ‘‘notching’’ filters are often required to provide additional at- 
tenuation at the low-frequency edge of the assigned channel. 

Transmitters which are modulated at low power level may achieve the required trans- 
mission characteristics by proper design and adjustment of the interstage coupling net- 
works of the following linear amplifiers. In this case, a less pretentious vestigial sideband 
filter may be necessary at the output of this type of transmitter in order to achieve the 
required characteristic. 


a Ne 
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. RADIO-FREQUENCY MONITORING. Since the output of a vestigial sideband trans- 
mission system is viewed on receivers having specified band-pass characteristics, a mon- 
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Fic. 22. Neutralization Method to Compensate for Stray Inductance 


itor should be provided which not only conforms to the standard receiver characteristic 
but also yields a signal that is a true sample of the radiated energy from the transmitter. 
The aural transmitter may be monitored with equipment similar to that developed for 


Cy the frequency-modulation broadcast serv- 
ice. 
MODULATION MEASUREMENT. 
Fron Ls 7, The modulation of the television trans- 
transmitter antenna mitter may be measured in various ways, 


but the methods that take advantage of 
the fact that a television transmitter is 
operated at a constant peak carrier level 
have been found most satisfactory in 
practice. | 
Abeorntion Since the tips of the synchronizing 
resistor signals represent 100 per cent modula- 
tion, one relatively simple method is to 
observe the carrier envelope pattern at 
Fra, 23. Single Section Vestigial Sideband Filter T@dio frequency on an oscilloscope as 
shown in Fig. 24. At the high carrier 
frequencies involved, however, it is sometimes difficult to insure that the cathode-ray 
pattern is a true representation of the developed carrier envelope amplitude. 
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A method which avoids dealing with the radio frequency directly utilizes the output of a 
linear rectifier applied to the vertical plates of the oscilloscope, normal sawtooth sweep of 
a convenient frequency being used for horizontal deflection. A contactor is provided to. 
short-circuit the output of the diode periodically. This provides a reference level cor- 
responding to complete modulation in the white direction, or zero carrier envelope am- 
plitude. The modulation percentage may be scaled off the cathode-ray screen as in- 
dicated in Fig. 24 which shows the appearance of the pattern using high frequency sweep. 
This simple method is quite accurate and may be utilized periodically as a visual operating 
check of transmitter modulation during a program (reference 53). 
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Fic. 24. Video Modulation Measurement. (a) Oscilloscope presentation of video modulated RF 
envelope (HF sweep). (b) Oscilloscope presentation of output of linear detector with shorting con- 
tactor (HF sweep). 


MEASUREMENT OF R-F OUTPUT POWER. Television transmitters are rated in 
peak power output, i.e., the power output level attained during the synchronizing pulse 
portion of the transmitted signals. 

The following methods of measuring power output assume that the transmitter power 
output can be held at the operating peak level. For transmitters that cannot be held at 
peak output for measurement purposes, other methods have to be used or a reliable cor- 
rection factor must be applied. 

The transmitter output power may be determined by measuring the power delivered 
to a water-cooled resistance load with circuit adjustments capable of transmitting a good 
picture. The rate of water flow and the temperature rise of the water stream on passing 
over the resistor must be accurately measured. Then the power delivered is given by 


P = 2637TF (7) 


where P = power delivered to load in watts. 
T = temperature change of water in degrees centigrade. 
F = water flow in gallons per minute. 


It is often desirable to know the power delivered to the actual operating load. Since 
most practical transmission line installations are not perfectly matched to the radiator, 
a finite reflection occurs on the line. It is, therefore, necessary to determine the average 
value of transmission line voltage. One satisfactory method utilizes a slotted section of 
transmission line and a calibrated vacuum-tube voltmeter for determining the maximum 
and minimum values of the transmission line voltage. 

The power delivered to the transmission line load, neglecting line attenuation, may be 
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calculated by means of the following formula, which is accurate to better than 1 per cent 
if the voltage standing wave ratio is between 0.8 and unity. 


= (Bmax) (Emin) 


PB (8) 
0 Zo 
where Py = power delivered to load in watts. 
Emax = rms value of voltage maximum in volts. 
Emin = rms value of voltage minimum in volts. 
Zo. = characteristic impedance of transmission line in ohms. 


Alternatively, the output power may be determined by permanently locating two cal- 
ibrated vacuum-tube voltmeters precisely one-quarter wavelength (electrical) apart and 
substituting the voltage indicated by these meters for Hmax and min in the above formula. 

TRANSMISSION LINE. The transmission line system between the transmitter and 
the antenna must be well matched over the band of frequencies which includes the carrier 
and the sideband frequencies of appreciable magnitude. Multiple images may appear 
in the radiated signal of a poorly matched transmission system. Satisfactory results are 
usually produced when a standing wave ratio between 0.9 and 1.0 over the required band 
of frequencies exists. 

ANTENNAS. Commercial television broadcasting antennas are required to be hori- 
zontally polarized. The directivity and radiating efficiency of the antenna should be sub- 
stantially independent of frequency over the desired transmission band. The input im- 
pedance of the antenna must be substantially independent of frequency and must match 
the transmission line well enough to avoid the development and transmission of multiple 
images (references 54 and 55). Appreciable effective power gain may be obtained by com- 
pressing the radiated energy in the vertical plane. 

PERFORMANCE MEASUREMENTS. The response of the visual transmitter from 
input to radio monitor may be measured using sinusoidal modulation. The modulating 
frequency should be varied incrementally over the required band while the relative re- 
sponse as a function of frequency is measured on a cathode-ray oscilloscope or vacuum-tube 
voltmeter. Alternatively, the sinusoidal modulating signal may be injected in the studio 
equipment before the blanking signals are added, and the relative response at the trans- 
mitter input and at the radio monitor output may be measured on a cathode-ray oscillo- 
scope. This method is applicable to transmitting systems which use d-c restoration cir- 
cuits, and the results are representative of what may be expected under actual operating 
conditions. 

Means of observing and recording the transient response of a television transmission 
system are desirable. If a 100-ke square wave, having a rise time which is short compared 
to the rise time expected from the circuit under test, is applied to the transmitter the 
transient response may be observed on a cathode-ray oscilloscope connected to a r-f mon- 
itor. Some square-wave generators provide not only a 100-ke square-wave output but 
also a synchronous 100-ke sinusoidal output and a synchronous 10- or 20-Mc output. 
The 100-kc sinusoidal output may be advantageously used for horizontal deflection of the 
measuring oscilloscope. The 20-Me output may be used to modulate the cathode-ray 
beam in amplitude. When the cathode-ray-tube bias is properly adjusted only the pos- 
itive peaks of the 20-Mc modulation are visible, thus providing an accurate time base 
which may be used to measure the change in amplitude of the signal for each accurate 
time interval. The realized rise time, as well as the magnitude of overshoots or oscil- 
latory transients, may thus be accurately determined. Such performance measure- 


ments can generally be correlated directly with the appearance of the reproduced television 
image. 


TELEVISION RECEIVERS 


By W. F. Bailey and R. J. Brunn 


Receivers for television signals in accordance with the present-day standards of the 
Federal Communications Commission are of the superheterodyne type and receive both 
the picture and sound transmissions. A block diagram of a typical television receiver is 
shown in Fig. 1. 

The picture and sound carrier signals are received by a single antenna and are am- 
plified in a single channel. The selectivity of this channel protects against image signal 
and cross-modulation interference. Frequency conversion and some amplification at the 
intermediate frequencies are also accomplished in a single channel. Then the picture and 
sound signals are separated and each is amplified sufficiently for final detection. The 
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selectivity in each channel must be adequate to keep the sound and picture signals from 
interfering with each other, and also to attenuate adjacent signals to a non-interfering 
level. An f-m detector and an audio amplifier complete the sound channel. 

In the picture channel, following the second detector, amplification occurs at video 
frequency. Hither direct coupling, or d-c restoration, or a combination, is used to main- 
tain the voltage corresponding to black constant at the picture tube. In first-grade re- 
ceivers, both automatic gain control and noise limiting are provided in the picture channel. 

Synchronizing signals are extracted from the complete picture signal and are separated 
for the respective scanning oscillators. 

Scanning generators produce sawtooth waves at line and field frequency of either cur- 
rent or voltage, depending on the type of picture tube. Magnetic deflection is commonly 
used for best resolution since there is less defocusing than there is with electric deflection. 
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Fic. 1. Block Diagram of a Television Receiver 


The d-c accelerating potential for the picture tube is obtained by rectifying the power- 
frequency wave, an r-f sine wave, or the voltage impulse during the line retrace in a mag- 
netic scanning system. 
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The usual antenna for reception is a half-wave dipole in which the radiator diameter is 
from 0.2 to 2.5 per cent of the antenna length, to improve performance over the frequency 
range. The folded dipole antenna (reference 55) is also used with a 300-ohm transmission 
line. Some use has been made of a reflector to improve the directivity, but, with a simple 
array, not much directive gain can be obtained over the frequency range. 

Usually, a balanced line (reference 57) of 75 to 300 ohms impedance is used to transmit 
the signal from the antenna to the receiver. 


24. R-F CIRCUITS 


REQUIREMENTS. The r-f circuits of a television receiver couple the signal from the 
antenna transmission line to the modulator. The following factors must be considered in 
the r-f circuit design: (1) r-f gain; (2) band width; (3) selectivity; (4) coupling to trans- 
mission line; (5) station selection; (6) oscillator radiation; (7) noise factor. 

R-F AMPLIFIER. Normally, it is not necessary to provide amplification at radio 
frequency because it is easier to obtain the necessary amplification at intermediate fre- 
quency. However, an r-f stage is helpful in reducing oscillator radiation (reference 58) 
since there may be an attenuation of 10 to 50 times for signal propagation in the back- 
ward direction through the r-f stage. 

Most modulators have considerable noise (references 59 and 60). The inherent noise of 
the receiver may sometimes be reduced by use of an r-f stage (reference 61). A triode r-f 
amplifier will reduce the noise to the minimum. Generally, a pentode r-f amplifier will 
provide no improvement. In order to eliminate the need for neutralization, the triode 
is generally used in a grounded-grid circuit, and a tube having a low plate-to-cathode 
capacitance is chosen. 
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ANTENNA COUPLING. With a low-loss transmission line, it is desirable that the 
receiver input circuit match the line with a low standing wave ratio to eliminate ghosts in 
the picture caused by multiple traversals of the transmission line (reference 62). The 
antenna cannot be expected to terminate the line with a standing wave ratio lower than 
about 10 db in some of the channels. Thus the reflection at the receiver must be kept low. 
With 2-db attenuation in the line in one traversal, and an antenna termination with a 10- 
db standing wave ratio, it is necessary that the receiver terminate the transmission line 
with a standing wave ratio of 0.6 db so that the signal-to-ghost ratio in the receiver be 40 
db. 

A resistive element must be present in the receiver to achieve termination of the trans- 
mission line with a low standing wave ratio. The input conductance of the first tube, the 
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Fie. 2. Typical Antenna to Modulator Coupling Circuits 


inherent losses in the reactive circuit elements, and, in some cases, a resistor added for 
the purpose, constitute the source of loading for the input circuit. The added resistor to 
produce the required loading increases the noise factor above the minimum (reference 63). 

To realize the benefit of the balanced line in minimizing extraneous pick-up, a coupling 
circuit must be used between the transmission line and the first tube which has good 
transmission for balanced signals and high attenuation for unbalanced signals. This will 
reduce interference picked up by the transmission line acting as a single-wire antenna. 

Transformers in which the electrostatic coupling is minimized are used to couple to the 
balanced line. The secondary is usually unbalanced to deliver the signal to a single grid 
or cathode. The transformer may be coupled directly into a cathode with a good im- 
pedance match, but no selectivity. 

SELECTIVITY REQUIREMENTS. Because the picture and sound carriers are at 
opposite ends of a television channel, the r-f circuits should have substantially uniform 
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transmission over a band width of about 5 Mc. This is required because the sound car- 
rier, the main sideband, and the vestigial sideband should be amplified uniformly. 

Sufficient selectivity should be provided to give an image ratio of at least 40 db. This 
provides protection against image signals which are as strong as the desired signal. This 
order of selectivity requires a minimum of two tuned circuits. 

STATION SELECTION. Station selection may be accomplished by switching, with 
fixed or movable coils, or by continuously adjustable inductors, using tuning cores, or by 
varying the length of the wire to change the inductance. 

The requirements for tuning are: (1) station selection by a single control; (2) reliable 
long-life, noise-free operation; (3) provision for a number of channels lying between 4 and 
12; (4) resettability. 

Some typical r-f circuits between the antenna transmission line and the modulator are 
shown in Fig. 2 (references 64 and 65). 


25. MODULATOR AND LOCAL OSCILLATOR 


MODULATOR. The tubes commonly used for the modulator are the triode and 
pentode types. Multigrid converters are rarely used because of their high noise (refer- 
ences 59 and 60). 

Because it has the lowest internal noise, the triode modulator is used when the best 
noise factor is desired. However, the triode presents design problems, since both the in- 
put and the output impedances are functions of the oscillator excitation, and the grid-to- 
plate capacitance makes the input and output circuits interdependent. 

The pentode modulator does not produce as low a noise factor because of the partition 
noise. It is less difficult to use in the receiver, since there is negligible coupling between 
the input and output circuits. Also, the output impedance of a pentode modulator is 
normally so high that variations in it, caused by changes of oscillator excitation, have no 
effect on the performance of the i-f amplifier. 

A high transconductance tube is used to maintain high conversion gain and low noise. 
It is usual to bias the modulator by drawing grid current on the local oscillator signal. 

LOCAL OSCILLATOR. The local oscillator is usually a triode used with either capaci- 
tive or inductive feedback. Capacitive feedback offers the advantages that the inherent 
capacitances of the tube may be used directly in the oscillator circuit to produce feedback, 
and that the tuning coil has no tap. 

LOCAL OSCILLATOR DRIFT. Both the picture and sound quality suffer if the oscil- 
lator varies from the correct frequency either by oscillator drift or poor resettability of 
the tuning device. Frequency stability is of prime importance. A frequency shift of 
+150 ke is about the upper limit that can be tolerated by the picture. This drift will 
produce approximately +2-db variation in the amplitude of low-frequency video com- 
ponents relative to high-frequency components. The cost of the sound channel is increased 
with high shifts. The sound-channel band width and the linear portion of the detector 
characteristic must be adequate to accommodate the drift. Otherwise the sound i-f may 
lie on the side of the i-f amplifier transmission characteristic. This produces amplitude 
modulation of the f-m signal. Further, the performance of the frequency detector may 
suffer, as the signal may be near one of the peaks and will be on a non-linear part of the 
detector characteristic. 

Receivers have frequently employed an oscillator tuning adjustment so that the reset- 
tability errors of the station-selecting device and the oscillator drift can be corrected by 
the user. 

OSCILLATOR INJECTION. The oscillator signal is injected into the modulator grid 
circuit by either magnetic or capacitive coupling. In many cases, the stray capacitance 
of the station-selector circuit wiring is sufficient. 


26. PICTURE I-F AMPLIFIER 


The picture i-f amplifier provides most of the amplification required and also controls 
the frequency band of the signal in the picture channel. The pass band varies in width 
from about 2 Mc in a low-definition receiver to about 4 Mc in a high-definition receiver. 
The i-f amplifier attenuates signals on the adjacent channels so that thes2 signals do not 
interfere with the picture. 

FREQUENCY. The choice of the frequency band for i-f amplification is governed 
largely by interference from direct i-f pick-up and image signals. The loca! oscillator is 
usually located on the high-frequency side of the signal as this simplifies the image inter- 
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ference problem, and thus the picture intermediate frequency is higher than the sound 
intermediate frequency. A choice of at least 20 Mc for the sound intermediate frequency 
eliminates other television stations as images, but the f-m broadcast stations are then in 
the image-signal range. A choice of 29 Me or higher eliminates both television and f-m 
broadcast stations as image signals. 

The approximate frequencies of the i-f band are chosen with regard to image signals, 
and the exact frequencies are chosen to eliminate serious interference by direct i-f pick- 
up. Of the sources of strong signals in the bands cited above, amateur frequencies are 
worst, since the transmitter may be close to the receiver. 

Most current designs utilize a frequency of about 26 Mc for the picture i-f carrier. 

VESTIGIAL SIDEBAND REQUIREMENTS. For band-width conservation, picture 
signals are transmitted by a vestigial sideband system (reference 66. See also article 9). 
In this transmission system, it is necessary to attenuate the carrier frequency 6 db relative 
to the transmission of the major sideband, and to adjust the transmission of both sidebands 
adjacent to the carrier so that a uniform output-frequency spectrum results when a uni- 
form input spectrum is applied to the system. This adjustment is made in the receiver. 

In most receivers, the carrier and low video-frequency transmission is equalized prior 
to detection as shown in terms of the r-f signal by B of Fig. 20, Article 9. Over a frequency 
band of about 1.5 Me, the transmission drops from full value to 10 per cent or less, with 
the cutoff characteristic so chosen that the carrier is transmitted at 50 per cent of full 
transmission. 

It is desirable that this cutoff characteristic be as gradual as the standards allow. This 
reduces the distortion produced by the quadrature component (references 51, 22, and 23) 
and the non-linear phase characteristic associated with the amplitude cutoff. 

ATTENUATION CHARACTERISTIC. A typical picture i-f amplifier transmission 
characteristic is shown in Fig. 3. The attenuation of the desired sound carrier, which is 
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Fie. 3. Typical Receiver Picture I-f Response 


normally obtained by the use of traps in the i-f coupling impedances, should not be too 
steepsided, since a high cutoff slope will convert the sound-frequency modulation to am- 
plitude modulation, which may show in the picture. The sound attenuation should be 
about 300 ke wide, 3 db above the minimum, so that frequency drift of the local oscillator 
will not cause sound interference in the picture. 

It is desirable that about 40 to 50 db total attenuation be provided for the sound ear- 
rier. This may be produced entirely by i-f selectivity, or it may be obtained partly in the 
i-f amplifier and partly by attenuation at 4.5 Mc in the video amplifier. 

Present station-assignment practice is such that adjacent channels will not be allocated 
in any region. The overlapping service areas of any two regions whose allocations occupy 
successive channels are small. Therefore, it appears reasonable to provide attenuations of 
about 35 db minimum relative to the desired picture carrier for the adjacent channel carriers. 

It is usually necessary to use traps to secure the attenuation at the sound carrier of the 
lower-frequency adjacent channel. 

COUPLING NETWORKS. Coupling networks used in the i-f amplifier are of several 
forms: double-tuned transformers (reference 67), filter-type networks, and stagger-tuned 
resonant circuits are commonly used. See Section 7 for more information. 
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Various methods are used to incorporate traps in the i-f amplifiers. Traps may be 
part of the coupling impedance, or they may be used to reduce the effective transcon- 
ductance of the amplifier tube. 

Figure 4 shows several circuits in which traps are employed to reduce the transmission 
in a desired frequency range. The transmission characteristics are also shown. Figure 
4A shows a single stage in which a stagger-tuned single resonant circuit is used. The grid 
leak of the following tube is chosen to provide the required Q. An inductively coupled 
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trap is used to secure attenuation at frequency fi. An undesirable feature of the in- 
ductively coupled trap shown is the spurious response at frequency fo. The magnitude 
of this spurious response is proportional to the Q and coupling of the trap, and its max- 
imum can be substantially the same as the main response. 

Figure 4B shows a single stage in which the coupling impedance is a section of an m- 
derived filter. The response may be made uniform over the desired band with attenua- 
tion at a specified frequency ji. 

Figure 4C shows a single stage in which the coupling impedance is two coupled circuits. 
To secure maximum gain, the damping is concentrated on one circuit only. Attenuation 
at frequency fi may be produced by a parallel resonant trap in the second tube cathode 
circuit. Such a trap usually affects the input impedance of the tube because of feedback 
to the grid circuit. It is undesirable to use cathode traps with tubes in which the sup- 
pressor grid is connected to the cathode. As the cathode has considerable impedance to 
ground, the suppressor-to-anode capacitance may couple sufficient signal from the output 
circuit back to the input circuit to cause instability. 

As the trap attenuation is a function of both the transconductance of the tube and the 
impedance of the trap, cathode traps are normally employed in fixed-gain stages. 
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GAIN CONTROL. Gain control is usually accomplished by varying the bias of one or 
more if amplifier tubes. It is generally necessary, because of the use of high-transcon- 
ductance tubes, and circuits in which the tube capacitance is a large part of the total ca- 
pacitance, to stabilize the input capacitance of the gain-controlled stages by an unby- 
passed cathode resistor (reference 68). 


27. PICTURE CHANNEL SECOND DETECTOR 


The second detector in the picture channel is usually of the diode type. The video- 
frequency output-signal load impedance is determined by the shunt capacitance of the 
diode and the following stage and by the band width to be transmitted. If the impedance 
band-width product is too low when the total capacitance is lumped as a single capacitor 
to ground, then video-filter technique may be used. The total capacitance is then broken 
up into several smaller units, allowing the impedance band-width product to be increased. 
See Section 7. 

DIODE LOAD. : If the simple load circuit as shown in Fig. 5A is used, the rise time 
for the video output signal for outward modulation of the carrier will generally be shorter 


I-f 


Lf 
sip Input 


Video 
output 


Video 
output 


aaa Paty 
Fie. 5. Picture Detector Circuits 


than the fall time for inward modulation of the carrier. The diode and generator resist- 
ance shunt the diode load time constant for outward modulation but not for inward modu- 
lation. 

If the diode load circuit comprises a filter network as shown in Fig. 5B, the rise and fall 
times of the video output signal are more nearly equal because they are determined by the 
rate at which energy propagates through the filter network. The input should be at the 
open end of the filter, since, with this connection, there is minimum reflection in the filter 
which would affect the current supplied by the relatively low effective impedance of the 
diode and i-f output circuit. 

There may be variations in the charging time with the video modulating frequency, 
since the output impedance of the i-f circuit driving the diode is not, in general, constant. 
This effect is usually not serious. 

TUBE CONSIDERATIONS. The diode load impedance is low, ranging from about 
2000 to 8000 ohms. The output voltage generally ranges from about 1 to 5 volts, and this 
results in high peak currents. To minimize the signal loss in the diode, it is thus desirable 
to use a high-perveance tube with low interelectrode capacitance. 

I-F HARMONIC INTERFERENCE. The use of a four-terminal diode load impedance 
like that of Fig. 5B generally attenuates the ripple frequency component sufficiently so 
that it, or its harmonics, do not produce spurious patterns in the picture. These i-f 
harmonics can be troublesome on channels where they fall in the r-f picture frequency 
band, if they are fed back to the r-f section of the receiver with sufficient level, as a beat- 
frequency signal lying within the video-frequency passband of the receiver will then be 
produced. A beat takes the form of alternate dark and light bands in the picture. Since 
the beat signal is not related harmonically to the scanning rate, the bands continually 
move about the picture. With full-wave rectification the fundamental ripple frequency 
superposed on the video signal is twice the intermediate frequency and it is reduced in 
amplitude, which simplifies the filtering. 

OUTPUT POLARITY. The diode detector may be arranged to produce a video output 
signal of either polarity. For the negatively modulated signals standardized in the United 
States, the detector circuits of Fig. 5 will deliver video output signals of negative polarity; 
that is, the synchronizing signals will be the most positive part of the video-frequency 
output. 
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28. VIDEO AMPLIFIERS AND DISPLAY 


The video amplifier, in a television receiver, raises the level of the picture-detector out- 
put signal to a satisfactory value for the picture tube. The input level is commonly about 
1 to 5 volts peak-to-peak, and the output level ranges from about 20 to about 100 volts 
peak-to-peak. It must be remembered that the signal range from black level to the 
synchronizing-signal peaks does not contain picture information. Thus the video am- 
plifier must handle a complete signal about 40 per cent larger than the black to white 
signal. One or two stages of video-frequency amplification generally suffice in the usual 
television receiver. 

FREQUENCY REQUIREMENTS. The video amplifier transmits a wide band of fre- 
quencies, one cutoff being at some low frequency, which may be direct current. The other 
cutoff is at some high frequency, usually lying between about 2 and 4.5 Mc, depending on 
the desired resolution. 

Direct coupling is difficult to use in a multistage amplifier because of the problem of 
obtaining proper electrode potentials. It is simpler to design amplifiers whose lower 
cutoff lies in the range of about 10 to 10,000 cycles per second. Effective transmission of 
the d-c component of the signal may be accomplished by means of a locally generated d-c 
component. This involves a d-c reinserter as described in article 7. 
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In Fig. 6A there is shown a two-stage video amplifier. D-c reinsertion is provided by 
the high grid-cathode conductance for positive grid potentials of the second amplifier 
tube. The picture tube is direct coupled to the output of the second video amplifier tube. 
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A gain control which operates by varying the amount of negative regeneration for al- 
ternating current is provided in the cathode circuit of the second stage. A change in gain 
of about 6 to 1 may be obtained with uniform frequency response with a control of this 
type. The rheostat should be non-inductive, and its range is limited by shunt capacitance 
which by-passes it for high video frequencies. 

A potentiometer is sometimes used as an alternative gain control, in which the signal 
on the arm of the control is supplied to the amplifier grid. In this case, shunt capacitance 
to ground from the amplifier grid may vary the frequency response with gain-control 
setting. 

Figure 6B shows a circuit in which the signal is a-c coupled from the video amplifier to 
the picture tube. A d-c reinserter is provided to stabilize the potential of synchronizing 
signal peaks on the picture tube grid. 

For d-c amplifiers or those using d-c reinserters on the input circuits, it is essential that 
the amplifier stage have the same gain for direct current as for other frequencies within 
its passband. This requires that the cathode, screen, and anode supply potentials be 
stabilized against variation with varying direct current flowing in the amplifier tube. 
Failure to meet this requirement means that the instantaneous brightness of any part of 
the picture will be dependent upon the average brightness. 

If the band width to be transmitted is not extreme, and the shunt capacitance not high, 
a simple two-terminal constant-k type of network is often used for a coupling impedance. 
This type may be designed for quite uniform amplitude and phase characteristics. When 
higher impedance is desired, or the circuit is required to work with high total shunt ca- 
pacitance, it is common to use four-terminal networks. This type allows the shunt ca- 
pacitance to be broken into smaller lumps, thus giving a higher impedance-band width 
product. For maximum exploitation of the band width, the circuit is designed as a filter 
(reference 69). Such a filter, while it provides a maximum of uniform amplitude pass- 
band, has a fairly sharp cutoff characteristic and a non-linear phase curve, both of which 
may produce objectionable distortion in the form of echoes (reference 9) of the original 
signal. In general, better performance is obtained with a network in which the amplitude 
characteristic falls gradually with increasing frequency, as this reduces both the phase and 
amplitude distortion. Section 7 gives more specific information regarding the design of 
coupling impedances. 

The video-frequency coupling network is generally designed to have uniform impedance 
if it is of the two-terminal type, or uniform transfer impedance if it is of the four-terminal 
type. Such designs give uniform gain if driven by high-impedance sources but do not 
produce uniform gain if the driving source impedance approximates that of the network. 
For the two-terminal type this is true because the network impedance is complex and has a 
variable phase angle over the transmitted band. For the four-terminal type this is true 
because, for uniform transfer impedance, the input impedance at the driving point is either 
uniform in magnitude but complex with a variable phase angle over the transmitted band, 
or non-uniform in both magnitude of impedance and phase over the transmitted band. 

Normally, video amplifiers use the grid-cathode circuit for input, and the plate-cathode 
circuit for output, and thus the signal polarity is reversed in going through a stage. In 
the design of a receiver, the picture detector must be so poled that the desired polarity is 
obtained at the picture tube grid. 

PICTURE TUBE. The present-day picture tubes are of the cathode-ray type. The 
electron beam is focused by an electron gun which may utilize electric fields only or a com- 
bination of electric and magnetic fields. Deflection of the cathode-ray beam is produced. 
by either electric or magnetic fields. In the present state of the art, magnetic focus and 
deflection appear to give the best performance in regard to: (1) spot size; (2) high current 
in the beam; (3) uniformity of focus over the raster. 

For direct-view receivers, the final anode voltages range from about 3 kv to about 15 kv. 
For projection-type receivers, the final anode voltage in current designs is about 30 kv. 

The phosphor produces a white light which may vary in shade from slightly bluish or 
greenish to yellowish. 

It is usual to provide a bias control to adjust the average brightness of the picture. Ex- 
amples of this are shown in Fig. 6. Sufficient bleeder current flows through the bias con- 
trol so the picture-tube current does not vary the bias appreciably, and a by-pass is pro- 
vided for high-frequency currents. 

Section 15 contains more detailed information on picture tubes. 

PICTURE GAIN CONTROL. Automatic gain control for the picture channel is desir- 
able in television receivers, as it minimizes readjustment of the controls when switching 
from one channel to another. Radiated signals conforming to the FCC standards include. 
the d-c component. Thus, the average carrier level is dependent upon the picture content 
as explained in articles 7 and 9. It is necessary that the automatic-gain-control circuit re- 


NOISE LIMITERS 20-55 


spond to a part of the signal which is independent of the transmitted picture. Witha nega- 
tive polarity signal, as prescribed by the FCC standards, it is most convenient tc develop the 
automatic-gain-control voltage from the synchronizing signal peaks. This requires that 
the automatic-gain-control rectifier load circuit have a time constant of not less than sey- 
eral lines duration, so that the picture content cannot affect the automatic-gain-control 
voltage. A separate rectifier operated at the same level as the picture detector may be 
used as the source of automatic-gain-control voltage. Better performance may be ob- 
tained by amplifying the rectifier output voltage with a d-c amplifier. Figure 7 shows 
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such an arrangement. In this circuit, D; is the picture detector; De is a separate diode 
with a high-impedance load having a time constant of about 200 usec. The output of D2 
is direct coupled to a triode Vi, the cathode of which returns to a negative potential, in 
this case, 25 volts. As the signal level increases, the anode of Vj falls in potential, pro- 
viding an amplified voltage which is suitable for an automatic-gain-control bias. An al- 
ternative of this circuit may be used, in which the additional amplification occurs prior 
to the automatic-gain-control rectifier. This amplification may take place at intermediate 
frequency or video frequency. 


29. NOISE LIMITERS 


Noise limiters are sometimes used to reduce the effects of impulse noise interference 
upon the picture-tube signal and upon the synchronizing performance. It is desirable to 
limit the impulse noise to a level no greater than that of the synchronizing signal peaks so 
that the operating bias of the video amplifier or the synchronizing signal separator is not 
changed. In circuits where direct coupling is used, impulse noise generally does not 
greatly affect the operating characteristics. A-c coupled circuits are usually affected con- 
siderably by noise. 

Diodes connected in shunt or series in the video amplifier have been used as impulse 
noise limiters An example of a shunt-connected diode limiter is shown in Fig. 8. As the 
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video amplifier is direct coupled to the picture detector, its operating conditions are not 
seriously affected by the noise. The limiter diode D; is connected in its anode circuit. 
The d-c reinserter for the picture tube, and the synchronizing signal separator, are actuated 
by the signal following the limiter and thus operate with increased reliability. The 
limiter shown adjusts itself to the signal level and normally limits the peak of each syn- 
chronizing pulse slightly. If the noise has a high duty cycle, this type of limiter will fail, 
as the noise will then begin to bias the diode D, off, since resistor Ri will not be able to re- 
move the added charge from (C; quickly enough. By stabilizing the potential of the anode 
of D,; with a bleeder, the limiter will handle noise of high duty cycle but will not adjust 
itself to the signal level. 


30. SOUND AMPLIFIERS 


I-F CIRCUITS. The sound i-f amplifier of a television receiver must provide adequate 
gain with proper selectivity characteristics for the f-m sound signals which accompany the 
picture. The design features of television receiver sound i-f amplifiers depend largely 
on the receiver type, whether broadcast a-m or f-m services are to share the channel, and 
the amount of gain provided by the circuits which precede the point of sound i-f take-off. 

Gain Requirements. The sound circuits should be capable of providing a comfortable 
audio output with 30 per cent modulated sound carriers from 6 to 10 db weaker than the 
threshold picture level. Where manual or automatic picture-gain-control circuits can 
reduce the amplification in the overall sound channel by operating on tubes ahead of the 
sound take-off point, an additional margin of sound gain is required. 

With present techniques, the threshold picture level is of the order of 50 wv. An over- 
all sound sensitivity of about 10 uv would therefore seem suitable for television, although 
an additional 20 db might be desirable for broadcast frequency modulation. 

When switched for television, receiver front-end circuits seldom develop more gain than 
is lost by the modulator in converting to the intermediate frequencies. The sound i-f 
sensitivity on the modulator grid is therefore about the same as the overall sound sen- 
sitivity. The amount of sound-channel gain that may be provided between the modu- 
lator grid and the point of sound take-off varies widely with receiver designs. Some pic- 
ture i-f amplifiers can provide between 40 and 50 db of sound-channel gain in the modu- 
lator and first one or two common stages. The most serious objection to this arrangement 
is the conflict that results from manual or automatic picture gain control of these stages. 

The output of the sound i-f usually feeds either a ratio-type f-m detector or a limiter 
working into a conventional f-m detector. The minimum i-f output required depends on 
the detector and/or limiter design and is usually in the range of 1 to 8 volts. 

Selectance Characteristics. The sound i-f amplifier of a television receiver must be 
broad enough not only to pass the sidebands of the carrier with full 25-ke deviation but 
must also pass this signal when the local oscillator is detuned because of drift or inaccurate 
resettability of the tuning device. Minimum 6-db band widths between 200 and 400 Ke 
are usual. 

For television service, the sound-channel selectors should provide at least 20-db at- 
tenuation at the picture carrier and 50 db or more against signals on adjacent channels. 
This is considerably less severe than the requirements for broadcast frequency modulation 
as outlined in Section 8. Where dual service is contemplated, the selectivity requirements 
should be based on the broadcast frequency modulation, and it is then necessary to keep 
the local oscillator frequency drift within the band width provided. 

Sound Take-off Methods. Television receivers which pass 3.5- to 4-Me video band 
width usually require traps to provide sufficient attenuation of the sound intermediate 
frequency in the picture channel. Such traps usually build up a sound i-f voltage or cur- 
rent, and they may be coupled either directly or through additional circuit elements into 
the grid of the first sound i-f amplifier. This method is applicable to simple coupled traps, 
to cathode traps, and to coil arrangements in stages coupled by filter circuits. 

Receivers passing less video band width may not require sound traps. The sound take- 
off may then be from the secondary of a transformer whose primary is connected in series 
with a picture i-f transformer; or the sound and picture i-f amplifier grids may be operated 
in parallel. 

Amplifier Design. There is usually negligible selectivity for the sound intermediate 
frequency in the common picture and sound circuits. Some selectivity may be designed 
into the take-off circuits. When its gain and selectivity requirements have been estab- 
lished, the sound i-f amplifier can be designed by the techniques described in Section 7. 
An adequate number of single- or double-tuned circuits can give acceptable performance 
provided that 20 to 30 uuf over stray capacitance is added to each circuit. The align- 
ment procedure will be simplified if the circuits are under-optimum coupled. 
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The mistuning of gain-controlled stages should be minimized either by means of unby- 
passed cathode resistors or by tapping down the grid. 

SOUND DETECTOR AND AUDIO AMPLIFIER. The design of the sound detector 
and the audio amplifier for a television receiver follows broadcast f-m practice as dis- 
cussed in Section 8. Since 100 per cent modulation on a television sound carrier cor- 
responds to 25 instead of 75 Ke deviation as in broadeast frequency modulation, only one- 
third the output voltage is obtained from equivalent f-m detectors. In addition, the out- 
put performance of f-m detectors is usually degraded when the carrier frequency is in- 
creased, as in television sound i-f amplifiers. The gain deficiency can sometimes be made 
up by employing high-gain audio amplifier circuits, although this is usually undesirable, 
as hum-pickup difficulties are inevitable. 

An undistorted electrical output of 1 watt is probably adequate for many home tele- 
vision receivers, as the audience is close to the receiver. Television receivers incorporating 
broadcast f-m or a-m are usually capable of providing greater power output. 

Since the current drawn by an output audio amplifier varies with the signal, and since 
this current may represent a sizable fraction of the total B current drain, special considera- 
tion must be given when video circuits obtain power from the same B supply. Lither 
adequate decoupling arrangements must be made or a constant current output amplifier 
circuit must be used. 


31. SYNCHRONIZATION 


Adequate synchronizing circuits are among the most important features that a tele- 
vision receiver must possess. The least expensive receiver must be capable of synchro- 
nizing on any signal of reasonable strength without readjustment of the speed controls. 
More expensive receivers may be expected to maintain synchronization on threshold weak 
signals in the presence of interference. 

The procedure for effecting synchronization in the television receiver consists, first, of 
extracting the synchronizing pulses from the complete video wave. The line and field 
pulses are then usually separated from each other and the resulting signals are used to 
synchronize the respective scanning oscillators. See article 10 for a discussion of this. 

SEPARATION OF SYNCHRONIZING PULSES. One method for extracting the 
synchronizing information is to provide a separate diode detector for this purpose. The 
diode load resistor is by-passed by a capacitor proportioned so that the d-c voltage de- 
veloped across the load resistor cannot drop more than about 20 per cent during a line 
interval. The charging current in the capacitor is then a measure of signals in excess of 
80 per cent of the peak amplitude of the carrier. A voltage proportional to the charging 
current may be obtained across a small resistor in series with the capacitor. 

This type of separator exaggerates amplitude modulation of the synchronizing signal 
pulses which may be present in the complete signal. Additional amplification and limiting 
are usually required. 

As full video band width is not required for the synchronizing pulses, the separate de- 
tector can be preceded by a high-gain narrow-band-width stage. If sufficient signal is 
developed, voltage across the entire diode load, which is proportional to peak carrier am- 
plitude, may be used for automatic gain control as described in article 28. 

Video Separation. Synchronizing signals can be separated from a composite picture 
signal by the use of limiter circuits operated in conjunction with suitable d-c stabilization 
of the wave applied to the limiter. The most frequently used limiter of this type employs 
a sharp cutoff tube, usually a pentode, with the signal applied to the grid with black pos- 
itive (reference 70). The tube is usually operated with a grid leak and blocking con- 
denser input circuit, and without bias. Grid current is, therefore, drawn on the tips of the 
synchronizing pulses. The cutoff characteristic of the tube and the amplitude of the 
applied video wave are correlated so that the grid swing due to the synchronizing pulses 
alone exceeds the cutoff. 

The self-bias d-c restoring method described above results in poor performance in the 
presence of impulse-type noise unless preceded by a suitable noise limiter. A strong noise 
pulse reaching the grid draws current and depresses the grid wave until the blocking ca- 
pacitor can discharge. Several synchronizing pulses can thus be lost. 

The synchronizing information may be extracted from picture signals of either polarity 
by diode circuits, examples of which are shown in Fig. 9. The time constant of R; and C 
is proportioned so that the voltage across R; drops to about 80 per cent during a line 
interval. The diode then conducts only during the synchronizing pulse. A voltage cor- 
responding to the diode’s conduction is obtained across the proportionately smaller re- 
sistor Rz in series with the diode. 

The amplitude of the output synchronizing wave from diode separators of this type 
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varies with picture content and usually requires amplifying and limiting for good syn- 
chronization. The interelectrode capacitance of the diode may couple high video-fre- 
quency component current into resistor Re. 
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Fie. 9. Diode Synchronizing Separator 


SEPARATION OF LINE SYNCHRONIZING PULSES. The line synchronizing pulses 
are usually separated from the complete synchronizing signal by differentiation. A 
typical differentiating circuit is shown in Fig. 13, p. 20-13. This operation produces a wave 
containing a series of narrow pulses coincident with the leading edges of the equalizing 
pulses, the line synchronizing pulses, and the broad field synchronizing pulses, as shown 
in Fig. 12, p. 20-12, to assure continuous operation of the line scan oscillator throughout 
the field retrace interval. 

SEPARATION OF FIELD SYNCHRONIZING PULSES. Field synchronizing pulses 
can be separated from the complete synchronizing signal by integration. To preserve 
reasonable rise time of the output pulses and still eliminate the line pulses, a multistage 
integrator is sometimes used. An example is shown in Fig. 13, p. 20-13. 

OSCILLATOR SYNCHRONIZATION. Triggering. When the triggering technique is 
used, the oscillators employed are usually types that free-run at slower than the correct 
speed and the synchronizing pulses are applied to initiate the retrace. The oscillators 
should be designed to be insensitive to triggering except towards the end of the trace so 
that the possible mistiming is limited to the interval between the oscillator’s sensitivity 
to triggering and its self-retrace. Multivibrators, blocking oscillators, and thyratron 
oscillators are commonly used. Where oscillator voltage appears on the triggering ter- 
minal, buffers are usually required. 

Good performance is obtained from triggered oscillator circuits only when the syn- 
chronizing waves are clean. Video components and other extraneous signals should be 
small. The effects of random noise can be minimized by restricting the passband into the 
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synchronizing circuits. Impulse noise should neither greatly exceed in amplitude, nor 
cause a loss of, the synchronizing pulses after the disturbance. 

Phase Control. Phase-controlled scanning circuits employ oscillators whose frequency 
ean be controlled by a d-c voltage (reference 17). Scanning oscillators can usually be so 
controlled through the use of a d-c amplifier or a control tube. The control voltage is 
obtained by measuring the phase difference between the synchronizing signal and a signal 
from the scanning oscillator. 

The advantage in phase-controlled synchronizing is that an extremely narrow passband 
can be employed in the coupling between the phase comparison circuit and the oscillator 
control point to make the oscillator insensitive to instantaneous aberrations of the syn- 
chronizing wave. Random noise, impulse noise, and, usually, small amounts of video can 
be tolerated. The use of a sufficiently narrow passband to achieve the desired degree of 
stability tends to result in a sluggish pull-in characteristic. Typical performance is to re- 
quire a second or more to lock. 


32. SCANNING 


Conventional scanning circuits for television receivers usually employ scanning oscil- 
- Jators and output amplifiers. The oscillator output pulses are shaped as required and ap- 
plied to the grids of output amplifiers (reference 71) to produce voltage or current waves 
of proper magnitude and shape. 

To achieve economies, the functions of the oscillator, wave shaper, and output amplifier 
are sometimes integrated, as in the circuits shown in Figs. 9 and 11 of pp. 20-9 and 20-11. 

SAWTOOTH WAVE-SHAPING CIRCUITS. The voltage wave required on the grid 
of scanning output amplifiers departs from being of sawtooth form only by what is re- 
quired to correct for the deficiencies in the output circuit. The usual method in scanning 
generators is to integrate current pulses in a capacitor. ; 

A typical sawtooth generator is shown in Fig. 10. The tube is normally cutoff. When 
a positive pulse is applied to its grid, the capacitor in its plate circuit is discharged. Fol- 
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Fig. 10. Sawtooth Wave Generator 
lowing the pulse, the capacitor recharges to the supply voltage as shown at A. By using 


a time constant 5 or 10 times as long as the interval between pulses, a reasonably linear 
sawtooth wave may be obtained. 
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SCANNING OSCILLATORS. Blocking Oscillators (reference 72). The blocking os- 
cillator has been the preferred scanning oscillator in television receivers. A blocking os- 
cillator is shown in Fig. 11. When the transformer windings are connected so that the 
grid goes positive when the plate goes negative, this circuit will start oscillation and will 
generate a pulse. During the pulse, grid current flows and charges the capacitor C neg- 
atively, eventually terminating the pulse. The capacitor then discharges through the 
resistor R to initiate a new cycle. The free-running speed is controlled by the capacitor, 
the resistor, and the voltage Bi. 
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Fie. 11. Blocking Oscillator 


The blocking oscillator may be synchronized by applying pulses to initiate conduction 
in advance of the capacitor discharge. For phase-controlled scanning circuits, the speed 
of the blocking oscillator can be regulated by controlling the voltage B,. 

Multivibrators. Multivibrators are frequently used in low-priced receivers for econ- 
omy. These circuits are generally regarded as being less stable, unless considerably more 
than the minimum number of essential parts are employed. 

A multivibrator circuit arrangement useful for television receivers is shown in Fig. 12. 
The operation of this multivibrator is shown by the wave forms. 

Since the current in tube B consists of a recurrent pulse wave, a wave-shaping circuit 
as described in Fig. 10 may be placed in the plate circuit of this tube for generating a saw- 
tooth voltage wave, as shown in Fig. 12. 

Thyratron Oscillators. Thyratron tubes filled with the lighter inert gases can be used 
as television scanning oscillators. The tubes are connected to discharge a capacitor in the 
plate circuit. Speed is controlled by varying either the recharge time constant or by the 
cathode bias. Synchronizing pulses can be applied to the grid. 

The advantage of the thyratron tube lies in its ability to pass peak currents of high 
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amplitude, but time delay circuits may be required to prevent application of anode voltage 
before the cathode has reached proper operating temperature. 

OUTPUT AMPLIFIERS FOR ELECTROSTATIC DEFLECTION. The resolving 
capabilities of most electrostatic receiver tube types can be realized only when the average 
of the voltages on the deflecting plates of a pair is maintained equal to the second anode 
voltage. This necessitates balanced deflection as well as balanced centering circuits. 
The scanning output circuits for electrostatic tubes usually, therefore, produce sawtooth 
waves of both polarities. 

Typical output amplifier circuits employ two voltage-amplifier tubes connected to give 
epposite polarity outputs. A separate phase inverter is seldom used; the second tube is 
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Fie. 12. Maultivibrator Scanning Oscillator and Wave Shaper 


usually driven by the first, either by the plate connection shown in Fig. 8, p. 20-9, or 
through the common cathode resistor. Where the total scanning voltage required ex- 
ceeds the order of 600 volts, the B voltage required for the output amplifier tends to be- 
come quite high. 

OUTPUT AMPLIFIERS, MAGNETIC. Since most magnetic scanning circuits operate 
by generating and dissipating energy during each scan, the total power and the circuits 
for line scanning are considerably different from those of field. 

Linear magnetic deflection is accomplished by passing a sawtooth current through the 
windings of the deflection yoke, The internal resistance of the amplifier, non-linearity of 
the amplifier, and impedances in shunt or in series with the yoke usually require a wave 
form other than sawtooth at the amplifier grid. The grid wave is thus sometimes ex- 
ponential and has a pulse component added by inserting a resistor in series with the ca- 
pacitor in Fig. 10. 

Line (reference 82). The usual receiver line scan circuit employs the idealized scanning 
cycle shown in Fig. 10, p. 20-10. Where high efficiency is required, the triode dissipating 
circuit shown in Fig. 11, p. 20-11, is used either with or without the “bootstrap” connection 
which reclaims some of the scanning energy. 


20-62 TELEVISION 


Diode circuits are shown in Fig. 13. A high-perveance diode may be connected across 
the yoke as shown in A. Lower-perveance diodes, having adequate voltage rating, may 
be connected across the primary as shown in B. 
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Fic. 13. Diode Damping Circuits 


Fieid. The output load on the field amplifier is essentially resistive so that the con- 
trolled dissipation circuits used in line scanning are seldom employed. Occasionally, 
damping elements are placed across the yoke to remove transients after the retrace. A 
typical field scanning circuit is shown in Fig. 14. 
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33. POWER SUPPLY 


The successful performance of a receiver is largely dependent on its power-supply char- 
acteristics. When costs are important, the problems of power supply are among the most 
difficult which the receiver designer must face. 

HEATERS. Coupling. Undesired coupling in the r-f or i-f amplifiers through the 
heater wiring can be minimized by grounding one side of the heaters. It is usually neces- 
ail to provide appropriate by-passing of the heater lead and to interpose occasional r-f 
chokes. 

Heater-cathode Potentials. Except for a few types, most receiving tubes have maxi- 
mum heater-to-cathode potential ratings in the neighborhood of 100 volts. Since some 
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television circuits employ tubes with cathodes at potentials relative to ground in excess of 
this rating, it is necessary toe provide additional windings on the power transformer when 
these circuits are used. Where the off-ground cathode is at a-c ground potential, it is 
customary to connect one side of the heater winding or the center tap to the cathode. If 
the cathode is not at a-c ground potential, the separate winding may be connected either 
to the cathode through a high resistor or to a bleeder whose voltage approximates the 
operating potential of the cathode. 

LOW-VOLTAGEBSUPPLY. Thetwo major problems associated with the low-voltage 
B supply for a television receiver are power-frequency ripple and cross coupling. 

Power-frequency Ripple. The entrance of the power-line frequency disturbance in a 
television picture may cause horizontal bands of light and dark areas, narrowing, widening, 
and lateral or vertical displacement of parts of the picture, and defocusing. These effects 
may be caused by the deflection of the cathode-ray-tube beam by the magnetic field of the 
power transformer, or by insufficient power-frequency filtering in the power supply. 

When a receiver is operated from a power line which is non-synchronous with the field 
scanning, the “hum” pattern drifts upwards or downwards and is very objectionable. It 
appears essential that commercial receivers be so designed that reception under these con- 
ditions remains unimpaired, since programs are even now being relayed over several hun- 
dred miles. 

As the frequency of the power line at the receiver departs from synchronism with the 
field scanning, the slowly drifting ‘‘hum”’ pattern jitters and flickers. This is most ob- 
jectionable in even the slightest amounts. For this reason, ‘‘Shum’’ disturbance in receivers 
intended for operation from power sources whose frequencies are not synchronous with the 
field scanning must not exceed about 2 per cent. 

The technique for securing adequate hum filtering is to provide inductance-capacitance 
filters in high-current supplies and resistance-capacitance filters in low-current supplies. 

Magnetic coupling into the picture tube is most easily cured by placing the power supply 
at a sufficient distance. When this is impractical, shields of high-permeability material 
are placed about the tube. 

Cross Coupling. Unless precautions are taken, the B supply of a television receiver 
can be a troublesome source of undesired coupling between the various circuits. Tubes 
taking high peak currents modulate the B supply, which may disturb circuits that handle 
low-level signals. To minimize this trouble, multiple power supplies, large filter output 
capacitors, such as 50 to 100 uf, multisection filters, and separate filters for susceptible 
circuits are used. 

HIGH-VOLTAGE SUPPLIES. The television receiver high-voltage supply provides 
the power required by the second anode, and, in some cases, the focus electrode, of the 
cathode-ray tube. The common types rectify power-line frequency voltage, a separately 
generated sine-wave voltage, or the voltage surge present during the retrace of the line- 
scanning oscillator. The voltages required range from 2 Ky for small direct-viewed tubes 
to 30 Kv for projection tubes. The useful current drain from a high-voltage supply may 
vary between a few microamperes with a dark screen to about 1 ma for a bright picture. 
Reasonably good voltage regulation is required over the black-to-white current range if 
noticeable change in picture size and defocusing is to be avoided. 

To operate successfully over a number of years, the high-voltage power supply must be 
designed to withstand the voltage it generates. The spacing around parts at the high po- 
tential must be sufficient to prevent sparkover and the formation of corona under unfavor- 
able atmospheric conditions. Insulating materials should be non-carbonizing so that they 
are not damaged by a single flashover and do not become semi-conducting after periods of 
service. Insulating paths should be sufficiently long to prevent excessive leakage under 
conditions of dust and high humidity. Where organic materials must be used, as in a 
power transformer or paper capacitor, long life can be assured only if these components 
are impregnated with a good dielectric fluid and are hermetically sealed. 

Power-line Frequency Supplies. This type is commonly used where the high voltage 
required does not exceed 4 or 5 Kv. A single section 7 filter comprising two capacitors 
and a resistor is used to remove the power-frequency ripple. The resistor is usually made 
as large as the voltage regulation requirements will permit and the capacitors as small as 
will still afford adequate filtering. The capacitors required are usually between about 
0.03 and 0.1 wf. Since considerable energy is stored in such ¢apacitors when charged to 
voltages in excess of a kilovolt, these supplies can be lethal and thus are not suitable for 
home use unless adequate safety precautions are taken. These include the following: 

1. Compartmenting the power supply. 

2. Interlocks to prevent access to the power-supply Conpactuent when the power is on. 

3. Bleeders capable of discharging the high-voltage capacitors to a safe voltage with 


a second or less. 
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4. A substantial connection between the receiver chassis and ground. 

Locally Generated Sine-wave Supplies (references 73 and 83). This type is frequently 
used either where no a-c power line is available or where, for the higher voltages, the cost 
of the transformer, capacitors, and safety features of a power-line frequency supply are 
excessive. It comprises a sine-wave oscillator usually operating in the low r-f range, a 
step-up winding, and one or more vacuum rectifiers in either half-wave or voltage multi- 
plying circuits. The rectifier filaments are customarily powered from the oscillator by 
windings on the step-up transformer. Adequate filtering is usually obtained with a x 
filter comprising two capacitors and a resistor, but the capacitors are only a few hundred 
micromicrofarads. When the energy storage in the capacitors is kept low, this type of 
supply can be safe even though exposed and usually requires only sufficient shielding to 
prevent interference by the locally generated wave. 

Voltage Surge Supplies (U. S. Patent 2,051,372). This type of power supply rectifies 
the voltage surge across an inductor when the magnetic field surrounding the inductor is 
suddenly changed. 

The voltage surge type of supply is used in some receivers employing a magnetically de- 
flected picture tube. A high-voltage winding on the line scan output transformer yields 
the required voltage surge during the scanning retrace. This is rectified and filtered, and 
the resultant voltage is applied to the second anode of the picture tube. It is necessary to 
supply added scanning power when the second anode power is thus extracted. 

Picture width, when using a high-voltage supply as described above, is adjusted by 
changing the current through the yoke while not disturbing the currents in the trans- 
former. Otherwise the scanning power and the second anode potential vary together and 
no significant change in picture width results. 


OTHER FORMS OF TELEVISION 


By A. V. Loughren 


The material of articles 2-33 relates primarily to monochrome, monocular television of 
sharpness acceptable for home entertainment, for use with power-supply systems of 60- 
cycle frequency. A change in any of these requirements may affect significantly the de- 
sign of the entire television system. The more important examples of such changed re- 
quirements include: (a) television standards of foreign countries; (b) theater television; 
(c) color television; (d) binocular or stereoscopic television; (e) television for special uses 
(e.g., military, industrial); and (f) use of a common transmitter carrier for picture and 
sound modulations. 


34. TELEVISION STANDARDS OF FOREIGN COUNTRIES 


With respect to power-supply frequency, the practices of the several countries dif- 
fer. In addition, since there has been no attempt at international standardization, in- 
cidental and unnecessary differences in standards exist. The standards used by the 
British Broadcasting Corporation (adopted in 1937 and reaffirmed in 1944) illustrate both 
points. They include: 

(a) Picture repetition rate: 25 cycles per second (standard power-supply frequency is 
50 cycles). 

(b) Lines per frame: 405. 

(c) Polarity of picture modulation: positive. 

(d) Form of picture modulation: amplitude, double side band. 

(e) Sound modulation: amplitude. 

{ ( Sound carrier location: 3.5 Mc below the picture carrier frequency. 

Comparison may be made with the American standards, tabulated in article 10. In 
most other respects, BBC standards do not differ significantly from those of the United 
States (references 74 and 75). 


35. THEATER TELEVISION 


Requirements for theater television differ from those for home television primarily in 
the following respects: 

Highlight Brightness. Motion-picture practice provides highlight brightnesses of 2 
to 20 ft-lamberts; the house is dimmed sufficiently to make this acceptable. 
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Resolution. Pictures projected from 35-mm film have resolution considerably exceeding 
that of television with a 4-Mc band width. There is some doubt that this factor out- 
weighs the practical advantage of common standards, especially in view of Fig. 1 of 
article 1. 

Operator. Availability of a trained operator. 

Picture Size. Motion-picture screens range up to 20 ft in width. 

Source of Picture. Provision will probably be required for displaying pictures whether 
originally picked up for broadcasting or picked up specifically for a chain of theaters. This 
indicates the desirability of the common standards referred to previously. 


36. COLOR TELEVISION 


For reasonably faithful reproduction of colored subjects, each geometrical picture ele- 
ment must be represented not by a single intensity, its brightness (as required for mono- 
chrome television), but by three separate quantities. These may be the brightnesses of 
three ‘‘primary”’ colors. Alternatively, one signal may represent the resultant hue, a 
second the saturation of that hue, and the third, the brightness. Color measurement 
and specification may be done by either of these alternatives. 

Color reproduction systems are divided into additive and subtractive systems. In an 
additive system, for each picture element an individual stream of light energy in each of 
the primary colors reaches the eye of the observer. If the light as originally generated is 
white, a major portion of it is discarded in the filters, which transform it to light of the 
primary colors. In a subtractive system, the originally produced white light is modified 
individually for each picture element by subtracting only the unwanted color components. 
The subtractive system consequently shows an efficiency in the use of a white-light source 
which is several times that of an additive system. In color photography, subtractive 
processes such as Technicolor and Kodachrome have found much greater acceptance than 
the additive processes such as Autochrome and Finlay. In color television, on the other 
hand, only systems of the additive type have been developed sufficiently to promise prac- 
tical utility. 

For additive systems, desirable reproduction primaries are red, green, and blue, in- 
dividually chosen as compromises between purity (or saturation to increase the range of 
producible colors) and transmission loss from white light. Colors equivalent to the trans- 
missions through Wratten filters numbers 47, 58, and 25, when the light source is the 
International Committee on Illumination’s Illuminant ‘‘C,’’ have found some acceptance 
as the red, green, and blue primaries. 

METHODS OF TRANSMISSION. Numerous methods of transmission of color 
television signals have been proposed. Of the several ways of classifying these methods 
a classification by the time characteristics of the signal seems most important. On this 
basis, the systems may be classified as: 

1. Simultaneous systems, in which the three elements of information required to 
describe a single picture element are transmitted simultaneously. 

2. Sequential systems, in which the three elements of information are transmitted 
successively. The sequential systems which have been proposed fall into the following 
subclasses: 

(a) Field Sequential. A complete picture field is transmitted in one color, followed by 
successive fields in the remaining colors. In a three-color system with 2 : 1 interlace, six 
fields must elapse before a picture which is complete both geometrically and in color may 
be obtained. 

(b) Line Sequential. A line of one color is transmitted, followed by successive lines in 
the remaining colors, and the cycle repeats. In this system if the number of colors is an 
integral submultiple of the number of lines in a complete picture, a given picture line 
(for example, the eleventh) will always be repeated in the same color unless the color se- 
quence switching is momentarily altered at the end of a frame to produce a new phasing 
for the next frame. With three colors it is difficult to avoid in a line sequential system a 
“crawling” tendency in the produced image which has usually been exhibited in systems 
with orders of interlace greater than 2: 1. 

(c) Dot Sequential. The three bits of information describing an individual picture ele- 
ment are transmitted in immediate succession, after which transmission of information 
for the next picture element takes place. In this system a dot pattern somewhat similar 
to that of a halftone engraving appears superposed on the colored portions of the picture. 
It is interesting to note that dot sequential systems are closer in their characteristics to 
simultaneous systems than to the other sequential systems. 

Color television systems may be also classified in accordance with the quantities ex- 
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plicitly represented by the elements of the transmitted signals. Among the many possi- 
bilities are the following: 

1. Intensities of individual primary colors. a 

2. Composite intensity (or, alternatively, visual brightness) plus two auxiliary signals 
representing, for example, the difference between the apparent brightness and the red 
and blue intensities respectively. 

3. Composite intensity, hue, and saturation. 

PHYSIOLOGICAL REQUIREMENTS. Resolution. It has been shown that, in a 
color picture, the apparent resolution is not appreciably impaired when the blue image is 
severely defocused; it is also known that moderate defocusing of the red image is permis- 
sible. Further, the use of a common signal to represent the fine detail for all three 
colors can be demonstrated as causing negligible impairment of picture quality, when 
practiced in reasonable amounts. 

Since brightness is largely determined by the green content of a color, it appears from 
the foregoing facts that resolution may be effectively preserved, and yet the frequency 
band effectively conserved, by a system of transmission in which brightness is transmitted 
with a band of several megacycles, while hue and saturation are transmitted with relatively 
narrow bands. If this practice is applied to a system in which separate components of 
the radiated signal represent the intensities of the primary colors, the low-frequency por- 
tion of each color component of the signal will be derived individually (to represent the 
distribution of light of its corresponding color in the subject) while the high-frequency 
portion will be identical in all three colors. This common high-frequency signal has been 
called ‘mixed highs.” 

No studies comparable to that of reference 4 have been made for color pictures; in the 
absence of such information, it seems probable that resolution comparable to that of mono- 
chrome television is desirable, especially for the brightness component. 

Flicker. The apparent brightness of a color image is determined largely by the green 
component. If the entire image (or an interlaced image field) is produced in each color, 
the flicker performance is essentially that given by considering the repetition rate of the 
green component only. 

Color Range. The available color reproduction range of a television system using the 
reproducing primaries suggested above is comparable to the best ranges obtained by 
commercial color reproduction processes of other sorts such as color film and multicolor 
printing. Such a range appears adequate. 

COMPATIBILITY. When a color television system is put into use in an area already 
provided with a monochrome television service, the question of compatability arises. A 
color television system is compatible with a particular monochrome television system 
when color television signals radiated by the color system may be received as monochrome 
images of acceptable quality on the receivers of the monochrome system without modifi- 
cation to such receivers. The possession of this characteristic by a color television system 
contributes importantly to making the commercial introduction of the color system easy 
since: 

1. Color transmissions may be started by individual stations of the monochrome tele- 
vision service as soon as the stations are equipped for color pickup, with no loss of audience 
or impairment of audience satisfaction. 

2. Those viewers who are immediately interested in receiving color may purchase new 
color receivers with assurance that, since the audience for color broadcasts includes both 
themselves and the monochrome audience, program service will develop rapidly. 

For a color system to be compatible with a monochrome system it must employ essen- 
tially the same transmission standards as the monochrome system. Any changes in the 
standards either must be small enough in amount to be without effect on operation of the 
monochrome receivers or must be in the nature of additions to the signal of a sort which 
will go undetected by the monochrome receivers. Dot sequential systems, because of 
their superior potentialities for band-width economy, seem more likely to be capable of 
operation compatible with the present FCC monochrome standards with a satisfactory 
grade of reproduced picture than the systems using slower color sequence rates. 

TRANSMITTER. Color television transmitters differ necessarily from monochrome 
transmitters in requiring the use of a color camera and possibly additional control signals 
for color synchronizing information, etc. In other respects, however, they may be essen- 
tially similar to a monochrome transmitter. The detailed requirements for the camera and 
the additional control signals are dependent on the particular color television system 
considered. 

RECEIVER. A receiver for color television differs necessarily from a receiver for mono- 
chrome television only in the substitution of a display capable of giving color reproduc- 
tion and the addition of circuits to convert the output of the receiver’s detector into 
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signals appropriate to the particular display. The circuits needed are those used to 
synchronize and phase the effective color of the display to correspond to the color of the 
bit of picture information being supplied to the display at the corresponding instant. If 
the system is field sequential so that the color switching rate is once per field, the circuits 
may control the synchronizing and phasing of a motor driving a color wheel—a disk pro- 
vided with a series of sectors in the successive colors. In an all-electronic display the color 
signals must perform a corresponding function; in the electronic arrangements the rate of 
switching from one color to the next may be arranged to accommodate either dot sequen- 
tial, line sequential, or field sequential systems. 
See also references 1, 5, 25, 76, 77, 85-92. 


37. BINOCULAR TELEVISION 


In direct viewing of a scene, the images formed in an observer’s right and left eyes dif- 
fer. Depth perception is based, in part, on this difference, as discussed in Section 14. 
Presentation of suitably different reproduced images to an observer’s two eyes will in 
many cases enhance the illusion of solidity in a reproduced picture. 

Binocular or stereoscopic presentation to a viewer must provide that each eye sees only 
the picture intended for it. Among the means used for this purpose have been (1) bar- 
riers and lenses to direct each eye correctly; (2) alternate display of the right and left images 
with spectacles worn by the viewer containing a synchronized mechanical shutter; (3) al- 
ternate display of a red right image and a green left image, with viewer spectacles having 
no green transmission to the right eye and no red transmission to the left eye; and (4) al- 
ternate display of a right image with horizontally polarized light and a left image with 
vertically polarized light, with complementary viewer spectacles. 

For the three-dimensional illusion to be most effective, the spacing between the posi- 
tions of the camera in taking the images should be equal to the average ocular separation 
(unless the image is to be magnified in reproduction). Lhe presentation of separate pic- 
tures for the two eyes requires transmission of twice the information (and, hence, twice 
the band width) required for monocular presentation. 

The need for special viewing devices has prevented any wide interest in binocular tele- 
vision. 


38. TELEVISION FOR SPECIAL SERVICES 


Proposals for industrial and for military uses of television have often presented require- 
ments radically different from those of television broadcasting for home entertainment. 
Examples of these unusual requirements have included: (1) effective protection against 
jamming; (2) secrecy; (3) severe size and weight limitations; (4) unattended transmitter 
and camera operation; (5) the high importance accorded to reliability; (6) the usual rel- 
atively unfavorable operating conditions (as compared to household use) encountered in 
many forms of industrial and military apparatus design. Requirements of this sort may 
affect basically the design of the television system, in addition to their obvious effect on the 
detailed design of the apparatus. For examples of designs for military purposes, see refer- 
ence 78. 


39. DIPLEXING OF PICTURE AND SOUND 


Use of a single carrier for both picture and sound modulations is of interest because of 
possible simplification of receivers and decrease of radio spectrum space resulting from it. 
Possible approaches include: (a) use of different (and mutually non-interfering) forms of 
modulation for the two signals—for example, amplitude modulation for the picture, with 
frequency modulation for the sound; (b) sharing of time between picture and sound signals. 

Method (a) has not been tried widely, probably in view of the general use of vestigial 
sideband picture transmission, with its inherent introduction of picture frequency modula- 
tion sidebands representing all but the lowest frequencies and the consequent likelihood 
of cross-talk between the two signals in a receiver. 

Method (b) has been proposed on several occasions and has had some laboratory and 
field trials. It is found that the frequency of the intervals in which sound signals are 
transmitted is between two and three times the highest sound modulation frequency which 
can be successfully transmitted, and that the resulting sound-signal-to-noise ratio is de- 
pendent on the fraction of the total time used for sound and on the details of the sound 
modulation process. The sound intervals must be so located relative to the picture sig- 
nals, in time, as to produce no visible effect; they may, therefore, be placed between the 
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synchronizing signal and the start of the picture information for each scanning line. See 
reference 79 for a more complete discussion and bibliography. 
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By B. J. Dalton 


FUNDAMENTAL ELECTRONIC POWER CIRCUITS 


The fundamental purpose of any electronic rectifier is to convert alternating current 
into direct current. Therefore, it can be considered as a d-c power supply, the same as a 
battery or a motor-generator set. There are, however, two important differences between 
rectifiers and generators or batteries: 

1. Batteries supply a smooth d-c voltage output; generators have a number of com- 
mutator segments so that the instantaneous voltage at the brushes is nearly constant; 
rectifiers, on the other hand, generally consist of a relatively small number of phases and 
rectifying elements and therefore almost all of them have a considerable amount of ripple 
voltage in the output. The ripple voltage must be considered in many applications, and 
in particular those involving less than 6-phase rectification, because the ripple voltage 
may produce a current ripple in some loads which will cause excessive heating not only 
in the load but also in the rectifier transformer and the rectifying elements. A highly 
inductive load is a very desirable rectifier load, because the inductance smooths out most 
of the current ripple. Resistance loads and particularly counter emf or capacitive loads 
will result in high rms currents which cause additional heating. In some counter-emf 
type loads it may be desirable to include sufficient reactance in the rectifier output circuit 
to limit the peak current to a reasonable value. This obviates the necessity for excessive 
rectifying element and transformer sizes and also minimizes the additional heating which 
would otherwise be present in the load. 

2. Batteries are inherently energy-storage devices and have a constant output voltage; 
generators not only have a small amount of energy stored mechanically in their rotor 
but also are usually driven by an a-c motor the speed of which is reasonably independent 
of a-c line voltage; thus the generator has a constant output voltage. Rectifiers, on the 
other hand, have no inherent energy storage, and the output voltage at any instant is 
directly proportional to the a-c input voltage. Therefore, if a constant d-c output voltage 
is desirable, either the a-c input voltage must be regulated or a regulating means must be 
provided for the output voltage. 

The efficiency of electronic rectifiers is determined by the losses in the rectifying ele- 
ments themselves together with transformer losses, cathode heating losses, and miscel- 
laneous auxiliary losses. The power factor of a rectifier is determined by the type of 
load and number of phases and for a controlled rectifier by the amount of phase retard as 
well. An inductive load will give the highest power factor; a counter-emf load will result 
in the lowest power factor. For a given type of load, the power factor is inversely propor- 
tional to the amount of phase retard, the rectifier being essentially a constant-kva load 
on the power line. 

One or more of the following factors will govern the choice of the type of rectifier for a 
specific application: 

1. The magnitude of the required d-c power. 

2. The magnitude of the required d-c voltage. 

3. The magnitude of the required d-c current. 

4. The required degree of freedom from a-c voltage ripple in the d-c output voltage or 
current. 

5. The effect of the connected load on the rectifying elements. 

6. The number of phases and the type of connection available from the a-c power supply. 

7. The magnitude of the a-c power supply voltage. 

8. The necessity for adjusting the output voltage. 

9. The necessity for regulating the output voltage at a specific value. 

10. Physical size. 

11. Cost. 

Electronic rectifiers may be classified in accordance with their controllability as (1) non- 
controlled, (2) grid-controlled, and (3) ignitron or pool-type-controlled rectifiers. (These 
types will be discussed in greater detail later.) Also electronic rectifiers may be classified 
in accordance with the type of circuit connection used. 
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The proposed AIBE standards for pool-cathode mercury-are power converters include 
a list of 36 standard rectifier circuit connections. Table I, however, illustrates eight circuit 
connections which are representative of a large number of applications, and in particular 
those applications in the low- and medium-power field. These circuits and their uses are 
described below. 


1. RECTIFIER CIRCUITS AND APPLICATIONS 


Half-wave rectifiers are generally limited in their application to low power circuits. 
Typical half-wave rectifier applications are: (1) D-c power supplies for small electronic 
amplifiers. In this application a filter circuit is used to store energy during the half cycle 
in which the rectifier element is conducting so that a reasonably smooth output voltage 
can be obtained. (2) D-c power for-operating d-c coils of magnetic relays. (3) Charging 
circuits for capacitors. (4) D-c power supplies for the armature power for small d-c 
motors. (5) Battery charging equipment. Half-wave rectifiers are generally used because 
of their simplicity and relatively low cost. Furthermore the half-wave rectifier circuit 
can be operated directly from a single-phase power supply, without an anode transformer, 
if the load is designed to match the obtainable output voltage. The half-wave circuit, 
however, is undesirable in some respects because the energy delivered to the load in an 
entire cycle must be obtained during one-half cycle. This reduces the transformer utiliza- 
tion (if a transformer is used) and also results in high peak currents in the rectifying ele- 
ment. In addition, this type of rectifier is generally unsuited for application to highly 
inductive (i.e., iron-core inductance) loads. The time constant of an inductive load is 
usually sufficiently long so that current will hot build up during the half cycle in which 
the tube can conduct. The small amount of energy that is transferred into the load is 
inverted during the non-conducting half cycle. Usually the average current is about 10 
to 20 per cent of that which would be expected in a pure resistance. A capacitor or a 
rectifier tube is sometimes connected across an inductive load to prevent the energy stored 
in the inductance from being transferred to the a-c supply during the normally non- 
conducting half cycle. Thus the current can build up over a period of time and finally 
reach a steady-state value. 

The diametric (full-wave) rectifier is used in a large number of low-power applications. 
Typical applications are: (1) d-c power supplies for other electronic equipment; (2) d-c 
power supplies for magnetic clutches, magnetic chucks, and lifting magnets; (3) battery 
chargers; (4) d-c power for supplying the fields of d-c motors and generators; (5) d-c power 
for the armature circuit of d-e motors. This rectifier is a relatively simple and inexpensive 
unit. In some applications, however, its usefulness is limited by the amount of ripple 
present in the output voltage. The desirability of obtaining larger amounts of power from 
polyphase power supplies usually limits its use to applications involving less than 5 kw 
of d-c power. 

The primary advantage of the diametric, double-way (bridge) rectifier is its ability. to 
supply high voltages. The peak inverse voltage across the rectifying element is only half 
of what it would be in a diametrie (full-wave) circuit. Thus a diametric, double-way 
rectifier can be designed to deliver twice the d-c voltage that a diametric rectifier can 
deliver, assuming the same rectifying elements in both cases. It also results in high trans- 
former utilization. This rectifier circuit has another advantage in that it can be operated 
directly from a single-phase power supply without an anode transformer, provided that 
the output voltage obtained this way is of a suitable value. 

Polyphase rectifiers are generally used whenever large amounts of power are required. 
The selection of a particular polyphase rectifier is largely a matter of obtaining the desired 
output voltage and current from existing or standard rectifying elements. For example, 
if rectifying elements of 5-amp capacity each were available and a 15-amp d-c output were 
required, a delta 3-phase wye rectifier circuit could be chosen. Likewise if 20 amp of 
direct current were required using the same rectifying elements, a Scott 4-phase cross 
rectifier circuit could be selected. A delta 6-phase star rectifier circuit could be selected 
to obtain 30 amp of direct current from the same rectifying elements. However, it might 
be that the use of such a circuit as the delta 6-phase star would place a severe duty on a 
particular rectifying element either from the standpoint of the rms current or from the 
standpoint of the peak current. For example, if an excessive peak or rms rectifier current 
would exist in a delta 6-phase star circuit, the delta 6-phase double-wye circuit could be 
chosen. This would reduce the rms and peak currents by a ratio of almost 2 to 1. It is 
sometimes possible by careful coordination of power supply connections and load voltage 
ratings to use a delta 6-phase wye double-way rectifier to eliminate the rectifier trans- 
former. Double-way rectifiers, as mentioned before, will deliver higher d-c voltages, for a 
given peak inverse voltage across the rectifying elements, than single-way rectifiers. 
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Sometimes the requirement of low ripple currents governs the choice of the rectifier circuit, 
rather than the current capacity. For very large rectifiers above 1000 kw (total installed 
capacity), 12 or more phase rectifiers may be used to minimize the effect of rectifier har- 
monics on telephone lines. j 

EXPLANATION OF TABLE 1. Table 1 consists of four distinct sections appearing 
from left to right as follows: (1) circuit nomenclature and connection diagrams; (2) output 
voltage wave shapes, required transformer-secondary voltage ratings, and output-voltage 
ripple values; (3) rectifying element current wave shapes (for resistance load), rectifying- 
element current values (for resistance load), and rectifying-element peak inverse voltages; 
(4) rectifier-transformer kva ratings, for both resistive and inductive loads. All data are 
tabulated in terms of the theoretical no load d-c output voltage (Hao) and output cur- 
rent (Ja). 

The usefulness of this table can best be illustrated by means of an example. 

Problem. To specify (a) the transformer-secondary voltage rating; (b) the transformer- 
secondary and primary kva ratings; (c) the average, rms, and peak current which the 
rectifying elements will need to carry; and (d) the peak inverse voltage which will exist 
across the rectifying elements, for a diametric (full-wave) rectifier to deliver 10 amp of 
direct current at 250 volts. Assume that there is no voltage drop in the rectifying ele- 
ments; also assume a resistance load. 


Solution: (a) Transformer-secondary voltage each side of center tap = 1.11 X 250F ao 
277.5 volts 
Total secondary volts = 555.0 
(6) Transformer secondary kva rating = 1.75 X d-c, kw 
1.75 X 10 amp X 250 volts 
1000 


4.37 kva 

Transformer-primary kva rating = 1.235 x d-c kw 
_ 1.235 X 10 X 250 

7 1000 

3.09 kva 


ll 


(c) Rectifying-element currents 
Average 


ll 


0.5 X 102¢ = 5 amp 
Rms = 0.786 X 10J¢ = 7.86 amp 
Peake— 91-57. 5G 0lg — slow amip, 
(d) Rectifying-element peak inverse voltage = 3.14 K 250Hi = 785 volts. (The 


actual ratings will need to be increased to compensate for the voltage drop in the rectifying 
elements, transformer reactance, and the like.) 


ll 


2. NON-CONTROLLED RECTIFIERS 


The types of non-controlled electronic rectifying devices in common use are: (1) high- 
vacuum tubes; (2) hot-cathode gaseous rectifier tubes; (3) metallic rectifiers. 

Non-controlled rectifiers are used in applications where a fixed amount of d-c voltage 
is required. Applications for non-controlled rectifiers include battery charging, motor- 
field excitation, generator-field excitation, magnetic-chuck excitation, lifting-magnet 
excitation, d-c control power supplies, etc. 

The high-vacuum or kenotron rectifier tubes are inherently low-current tubes, because 
the voltage drop and therefore the power loss in the tube are proportional to the current 
flowing. High-vacuum rectifier tubes may be classified as low or high voltage. Low- 
voltage types are used primarily for small amounts of d-c control power for other electronic 
equipments. Often low-voltage tubes are constructed with two rectifying devices in one 
tube, thus making a single tube suitable for a diametric (full-wave) rectifier circuit. High- 
voltage types are used in such applications as dust precipitators and high-voltage power 
supplies for other electronic equipment. 

The outstanding characteristic of hot-cathode gaseous-type rectifier tubes is their 
inherently low and constant voltage drop which results in high efficiency in high-current 
applications. These tubes are available in a range of current ratings of 0.1 amp to 20 

'amp and from about 100 volts to 10,000 volts, peak inverse ratings. Low-voltage types, 
such as are used in battery chargers, are usually filled with argon. Xenon-filled, argon- 
and-mercury-vapor-filled, and mercury-vapor-filled tubes are used in applications requir- 
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ing 750, 2000, and 10,000 volts, peak inverse ratings, respectively. Gaseous-type rectifiers 
will not operate successfully in parallel without load-balancing devices, because the tube 
drop of two paralleled tubes may be slightly different and the tube with the lower drop 
will carry all or most of the load current. A more complete discussion of hot-cathode 
gaseous-type rectifier tubes of both the non-controlled and the controlled type is pre- 
sented in Section 4. 

Copper oxide and selenium-type metallic rectifiers are used predominantly in the low- 
voltage high-current field. The general characteristics of these rectifiers are a relatively 
low peak inverse voltage per rectifying disk and a relatively high current capacity. Stacks 
consisting of one or more cells can be used in series or in parallel to increase their voltage 
or current capacity, respectively. The copper oxide rectifier is older, from the standpoint 
of general usage, than the selenium rectifier. The selenium rectifier can operate at a higher 
temperature than the copper oxide rectifier, and therefore for a given rating it is a some- 
what smaller unit than the copper oxide type. Selenium rectifiers are usually operated 
nearer their breakdown voltage rating than copper oxide rectifiers; therefore the selenium 
rectifier is usually more subject to damage on overvoltage. Other materials, such as copper 
sulfide, exhibit the same rectifying action as the copper oxide and selenium materials but 
are not as commonly used. 


3. CONTROLLED RECTIFIERS AND INVERTERS 


Controlled rectifiers generally are used whenever it is desired to adjust the d-e output 
voltage level over a reasonably wide range, or when it is necessary to regulate the output 
voltage to compensate for changes in the load current or changes in the input line voltage. 
Typical applications of controlled rectifiers are: (1) adjustable d-c voltage for motor- and 
generator-field supplies; (2) adjustable d-c voltage for d-c motor armatures; (3) adjustable 
d-c voltage for the d-c windings of saturable reactors which, in turn, control motor, light- 
ing, or resistance power circuits; (4) adjustable d-c voltage supply for testing of various 
d-c devices; (5) d-c power for charging capacitors in energy-storage resistance welders at a 
given rate and to a given voltage. 

In small rectifiers, it may sometimes be more convenient and economical to adjust the 
rectifier d-c output either by adjusting the a-c voltage input or the d-c voltage output by 
means of a slide-wire resistor. Also in large rectifiers it may be desirable to adjust the 
output voltage by means of induction-voltage regulators, adjustable auto transformers, or 
saturable reactors in the a-c circuit. If these methods are used, the rectifying elements 
can be of the non-controllable type. 

Grid-controlled thyratron rectifiers provide greater flexibility, faster response, and less. 
bulky control equipment than rectifiers controlled in the power circuits. Furthermore, 
automatic control in larger sizes is generally more economical with thyratron control 
than with power circuit control. 

Thyratron-type rectifiers are always built in a single envelope. Some thyratron tubes 
are controlled electromagnetically by a plate on the outside of the tube. By far the most 
common practice, however, is to control the tubes electrostatically with a grid in the 
electron path. Thyratron tubes can be obtained in ratings as low as approximately 20 ma 
and have been built in ratings as high as 100 amp. (See Section 4.) The maximum size 
of standard tubes, however, is about 12.5 amp. (High-vacuum triodes are generally not 
used in controlled rectifier circuits.) 

Controlled rectifier tubes may be connected in any of the circuits shown in Table 1. 
Tubes and transformers, however, should be carefully selected so that the ratings are not 
exceeded. As mentioned earlier, the peak and rms currents in a rectifier will be higher 
on resistance and counter-emf loads than on inductance loads. Not only must this factor 
be considered, but also consideration must be given to the higher peak and rms currents 
that will result from the use of grid control on loads such as d-c motor armature circuits. 
Another factor to be considered is the unbalance in tube currents which may exist in 
polyphase rectifiers operating with rated current and having a large amount of phase 
retard. Figure 1 shows the voltage and current wave shapes of a diametric (full-wave) 
rectifier operating with varying degrees of phase retard on an inductive load, a resistive 
load, and a fixed counter-emf load all having different electrical characteristics. Although 
a diametric rectifier is used here for the sake of clarity, the same fundamental information 
applies to other rectifier circuits. Although three different ioad classifications are shown, 
many loads consist of various combinations of resistance, inductance, and counter emf. 

The load current on a very highly inductive load is nearly constant even with a diametric: 
rectifier circuit. As the firing angle is retarded, the energy from the inductance is trans- 
ferred back into the line circuit during a portion of the cycle when the tubes would be 
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normally non-conducting. When the firing angle has been retarded approximately 90°, 
the inductance current is theoretically zero. Practically, however, the 90° firing point 
will result in a current of approximately 10 to 20 per cent of the maximum which would be 
expected as calculated by Ohm’s law. ; 

In a sense a purely resistance load is somewhat academic because this type of load 
seldom occurs in practice. It is, however, a logical stepping stone in estimating what is 
to be expected from counter-emf loads. It can be observed from Fig. 1 that the load 
current in a resistance load follows identically the wave shape of the output voltage. 

Counter-emf loads fall into two general classifications: fixed and variable. A battery 
is a typical example of a fixed counter-emf load. The peak value of load current in a fixed 
counter-emf load is determined by the difference between the peak a-c voltage and the 
counter-emf potential, and the circuit resistance. Exceedingly high current can be ob- 
tained on low-impedance circuits with a very small difference in voltage between the load 


counter, 
Firing egy 
full on 


Firing 3 
retarded 30 


UL ~“ 
Se Sa Newer Seat 


Inductive load Resistance load Typical fixed counter-emf load 


Fie. 1. Rectifier Output Voltage and Load-current Wave Forms for Different Types of Loads and 
with Several Degrees of Phase Retard with Diametric (Full-wave) Rectifier 


and the peak rectifier output. The inherent circuit impedance may reduce the peak cur- 
rent to a reasonable value; if not, external resistance or inductance can be added for that 
purpose. Figure 1 shows that as the firing angle of a rectifier on a fixed counter-emf load 
is retarded there is, up to a certain point, no change in the output current, but, beyond 
the point where the transformer-secondary voltage and the counter-emf voltage intersect, 
a reduction in current is obtained by a further retard in firing position. A d-c motor arma- 
ture is a typical variable counter-emf load. This type of load is quite different in its opera- 
tion from a rectifier or other fixed counter-emf load. A motor armature is a good example 
of a load which includes resistance, inductance, and variable counter emf. 

The thyratron rectifier circuits which have been described can also be used for inverters 
to convert d-c power into a-c power, provided that both d-c and a-c power supplies are 
available for the transfer of power and that the grid-control circuits are properly arranged. 
Many motor-control rectifiers are operated as inverters during reversal of motor armatures 
and during fast decay of the stored energy in generator fields. In these applications the 
conventional rectifier circuit is used and the grid firing point is retarded to a point late in 
the positive half cycle. In:the high-power field, highly specialized inverters have been 
built for several applications. 

IGNITRON RECTIFIERS. Ignitron rectifiers are ideally suited to their use in the 
high-power field, because their cathodes—a mercury pool—can supply electron emission 
for tremendous overloads. The maximum current is limited by the mechanical forces in- 
volved and by the ability of the tube to deionize rapidly enough to prevent arcback. 
Ignitron rectifying devices are made in capacities from about 12 amp up to 1000 amp d-c¢ 
continuous rating. (In 1945 approximately 10 per cent of the central-station power gen- 
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erated in the United States passed through ignitron rectifiers.) Continuously evacuated 
ignitron rectifiers are available in sizes as large as 6000 kw at 600 volts direct. 

Figure 2 shows the efficiencies of ignitron rectifiers as compared with synchronous con- 
verters and synchronous motor-generator sets. The rectifier efficiency increases with 
higher voltage because the volt- 

: 98 
age drop across the arc in the 
ignitron is nearly the same in ii - 
all cases, and, therefore, with 94 
lower d-c voltage the arc drop fennron aE 4—-+—dat-+ 
has a greater proportional effect rectifier b= ynchronous converter 
than at high voltage. Eo ea ee te a 

Thyratron rectifiers, like va- Ly lena ‘a 
cuum tubes, may be controlled yi es Er 
oP A ioe ae Ce lnloncls motor-generator set 
ever, requires a considerable 
amount of power for a short 
time for firing. This power may 
be supplied either by magnetic 
excitation circuits involving no 
tubes and purely static control f 
devices, or they may be con- 74 
trolled by electronic firing cir- ——1|500-kw, 600-volt apparatus 
cuits involving thyratrons in | ———1000-kw, 250-volt apparatus 
the ignitor circuit. The mag- 705——35——4g 69 89100 120 140 460 
netic firing circuit is used where Per cent full load, amperes 
the maximum of reliability is yy¢.2. Comparative Efficiencies of Power-conversion Units 
required. Thyratron-type firing 
circuits, however, may be less expensive to build, and also their inherently fast operating 
speed may be more desirable for some applications. 
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4. THYRATRON AND IGNITRON CONTACTORS 


Two controlled rectifier tubes of the thyratron or ignitron type can be connected in 
inverse parallel and the combination connected in series with a single-phase load to make 
a single-pole single-throw a-c switch called a thyratron contactor or an ignitron contactor. 
Likewise, several pairs of tubes may be connected in polyphase circuits to make a poly- 
phase single-throw a-c contactor. This type of contactor has several salient features: 

1. In applications involving a very large number of operations, it eliminates the mechan- 
ical wear and resultant maintenance of mechanical-type contactors. Furthermore, it is 
quiet in operation. 

2. This type of circuit is inherently fast in response. This means that power circuits 
may be closed or opened more rapidly than with conventional magnetic contactors. 

3. When these contactors are used with the proper phase control systems, they may be 
fired synchronously at a given phase position in each half cycle to avoid the transient 
currents that will result in inductive loads if the power circuit is closed at random. 

4. These contactors may be used to control the effective a-c load voltage by adjustment 
of the firing point. Control of load power can be obtained without power loss and without 
undue voltage regulation due to load changes. 

The choice of thyratron or ignitron tubes is dependent on the magnitude of power in- 
volved. Typical applications of thyratron-type contactors are: (1) for controlling the 
speed of some types of a-c motors; (2) for controlling the output voltage of high-voltage 
transformers; (3) for low-power resistance welders; (4) for high-voltage resistance welders. 
By far the largest number of applications of electronic contactors, however, has been 
made in the resistance welding field, in which ignitron tubes are used. 

General requirements for resistance welding are: (1) single-phase power; (2) power im- 
pulses having a high peak value over a short period of time; (3) a large total number of 
impulses over a given period of time; (4) control of the effective amount of welding current; 
(5) controlled firing to eliminate transient currents. These requirements have made the 
ignitron contactor with its extremely high peak-current capacity and its controllability 
ideally suited to resistance-welding applications. 

Figure 3 illustrates a typical single-phase ignitron contactor for resistance-welding serv- 
ice. This contactor is of the simple on-off type. It is used to give faster operation than 
magnetic-type contactors as well as to eliminate the maintenance on magnetically operated 
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mechanical contactors. Figure 4 shows an elementary circuit diagram for an on-off type 
ignitron contactor. This circuit operates as follows: When the initiating switch 1s open, 
no current will flow because power is not being supplied to the ignitors for firing the tubes. 
Assume now that the initiating switch is closed and that anode a is positive. Current will 
not flow through the left-hand tube 
until the ignitor has been fired. 


fos =e The ignitor firing circuit starts with 
‘ Ses anode a, continues through the 
> | lower right-hand metallic rectifier, 


through the water-flow switch, fuse, 
! : and initiating switch, and through 
: the upper left-hand metallic rectifier 
us into the ignitor which is immersed 
in the mercury pool. Current flows 
from this pool to the primary of the 
welding transformer and back to 
i Fab the other side of the a-c line. This 
i! ae means that the entire line voltage 
\ i a and the entire load current are avail- 
| able for firing the ignitor. With this 
tt voltage and current available, the 


ah ignitor fires the ignitron tube, and 
; iii then load current flows through the 
oj. { i main anode of the left-hand igni- 
@7' = E tron. When the anode 6 is positive, 
ignitor firing current flows through 


the lower left-hand metallic recti- 


= fier, through the initiating switch, 
fuse, and water-flow switch; then 
Za 


through the upper right-hand me- 
tallic rectifier into the mercury pool 
and back to the other side of the a-c 
supply. The metallic rectifiers pro- 
vide a path for the ignitor firing 
SSS current during the half cycle in 
which a specific ignitor is to be 
fired. During the other half cycle, 
the metallic rectifiers prevent the 


; 3 j : flow of reverse ignitor current which 
Fia. 3. Bee: Banee Jentiron Conners a Size D Tubes _ oul d damage the ignitor. 

Figure 5 shows how thyratron 
tubes may be used to control the ignitron power tubes in order to obtain phase control 
or synchronous timing control of the output power. A resistor is used in the anode of 
the two thyratron tubes to limit the peak current flowing while a fuse is used to protect 
the tubes against high rms current which would result if the ignitor were continuously fired 
with no load current flowing. 
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Fia. 4, Circuit Diagram for an Ignitron Contactor with Metallic Rectifier Firing 


Figure 6 is a typical duty cycle rating curve for four sizes of contactors (ratings are for 
two tubes) used on a 460-volt power supply. Three factors affect the amount of current 
which can be handled by a pair of ignitrons: (1) The maximum current is a function of the 
line voltage; for low line voltages, the tubes will carry a higher current than for high line 


FUNDAMENTAL ELECTRONIC CONTROL CIRCUITS 21-13 


voltages. (2) For a given line voltage there is a maximum rms current rating irrespective 
of the length of time the current flows. (3) If the current flows over an appreciable length 
of time, even though the duty cycle is low, the averaging time of the tube must be con- 
sidered to prevent overloading the tube from a thermal standpoint. Per cent duty shown 
in Fig.'6 indicates the percentage of total time that current is flowing through the tubes. 


Acc:supply Welding 


Fie. 5. Ignitron Contactor with Thyratron Firing Circuit 


A pair of size D tubes has a continuous rating of 800 amp. As the duty cycle is reduced, 
however, the maximum current can be increased. If the time involved is short, the rating 
can reach almost 5000 amp. The size D tubes have an averaging time of 5.6 sec. This 
means that, for any 5.6-sec period, the average current should not exceed 800 amp rms, 
even though the actual current during conduction equaled 5000 amp. In other words, 
the tubes could carry 5000 amp for approximately 0.9 sec (800/5000 X 5.6), provided no 
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Fic. 6. Ignitron-contactor Duty-cycle Rating Curve 


current was carried during the remainder of the 5.6-sec period. If it were necessary to 
have current flowing over a 5.6-sec period continuously, the tube rating would be the same 
as for 100 per cent duty, or 800 amp. 


FUNDAMENTAL ELECTRONIC CONTROL CIRCUITS 


Because the applications of electronic control are so diversified and because most appli- 
cations are highly specialized it is impractical to describe even a moderately complex circuit 
with all its ramifications. An attempt will be made in this section to discuss several 
fundamental control circuits which are commonly used in complete electronic systems, 
with the hope that these circuits will be recognized when they are a part of complete 
systems. 
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5. STABILIZED D-C CONTROL POWER SUPPLIES 


Many electronic control equipments include a small d-e power supply usually consisting 
of a diametric (full-wave) rectifier and a suitable filter. These are similar to the power 
supplies used in radio receivers which are discussed in Section 7. ; 

In order to provide stability of operation of the associated electronic control equipment, 
it is often necessary to provide a d-c output voltage which is held constant irrespective of 
line voltage or changes in load. This may be accomplished in several ways; the most 
common are: 

1. A-c voltage stabilizers. Figure 1 illustrates one typical type of automatic voltage 
stabilizer circuit. The voltage-regulating action is due primarily to reactor 1 and the 
parallel capacitor. When the line voltage is high, reactor 1, which operates near the 
knee of the B-H curve, becomes saturated. Under this condition the reactor current 
and the capacitor current are about equal, the total current being at about unity power 
factor. As aresult there is a voltage drop across reactor 2. When the line voltage drops, 
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Fig. 1. Cireuit Diagram of A-c Voltage Stabilizer Fic. 2. Glow-tube-type D-c Voltage Regulator 


however, the reactor current falls off more rapidly than the capacitor current. As a 
result the current through reactor 2 is predominantly capacitive and there is a rise in 
voltage across reactor 2. Units of this type will hold the output voltage to within +i 
per cent over about a +15 per cent change in input voltage. 

2. Gaseous-type voltage-regulating glow tubes. These tubes have inherently a constant 
voltage drop. When the voltage has reached the ionization point a very small increase 
in applied voltage will result in a comparatively large increase in tube current. These 
tubes are well suited to control power circuits involving small currents. Three ratings 
are most commonly used, namely, 75, 105, and 150 volts at 40 ma maximum. Figure 2 
shows a regulating circuit, using a glow tube. The constant-voltage characteristic of the 
glow tube will permit the rectifier output voltage to be increased or decreased, and the 
voltage difference will be largely absorbed by the series regulating resistor. This results 
in a nearly constant output voltage across the glow tube. 

3. A series-type voltage regulator. This regulator uses a glow tube merely as a reference 
voltage and involves a regulating principle which will be discussed later. This type of 
voltage-regulating system will provide larger amounts of voltage and current and at greater 
accuracy than can generally be obtained with the simple glow-tube arrangement discussed 
before. 


6. TIMING CIRCUITS 


Timing circuits are widely used in electronic control systems. In many equipments 
such as general-purpose timers, resistance-welder sequence timers, timers for cut-off 
register applications which operate correcting devices for a given length of time, and 
timing circuits which control the acceleration or deceleration rate of motors, timing is a 
definite function. Often, however, the use of timing circuits may be incidental to the 
function to be performed by a given equipment. For example, filter capacitors in d-c 
control power supplies, capacitors across relay coils which are operated by half-wave 
rectifiers, resistor-capacitor combinations, and electronic relays involving impulses of very 
short duration which are used to maintain an operating signal long enough to operate a 
magnetic relay are all energy-storage-type timing circuits. 

A capacitor is used as a basic timing element in most timing circuits. Figure 34 shows 
a simple series resistor-capacitor circuit. When the switch is closed, the capacitor charges 
through the series resistor. The instantaneous voltage across the capacitor is expressed 
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by the equation e,, = E(1 — e~*/"¢), where t = time in seconds after the switch is closed. 
Figure 3B shows a similar circuit in which the capacitor is charged almost instantly 
(assuming that the d-c source has no resistance) and in which the capacitor discharges 
through the parallel resistor. The instantaneous capacitor voltage after opening the 
switch is expressed by the equa- 

tion e,, = E X e~*/"¢, The above Switch 


equations will give the voltage a closed 
at any time. A more generally ne | 
used term, however, is the time + 


constant. The time constant is 
defined as the time at which the 


Time 
capacitor has charged to approxi- 
mately two-thirds of its final 
voltage value or the time at A 
which the capacitor has dis- Switch Switch 
charged to approximately one- eee 1,“opened 


third of its initial voltage value. 
The time constant is expressed 


a €e 
as T = rC, where 7 = time in ae 
seconds, r = resistance in ohms, 
and C = capacitance in farads. Tine 


Often a basic timing circuit will 
include a parallel r—C circuit 
with a resistor in series. This B 
will result in a time lag in the 
charging circuit and a lag in dis- 
charging as well. 

r-C circuits are used in complete circuits to obtain a time delay by applying the capacitor 
voltage to a tube grid to render the tube conducting or non-conducting at a given capacitor 
voltage. Although different detail circuit arrangements are used in timing, the basic cir- 
cuits shown are common to most electronic timers. 

A general-purpose time-delay-relay circuit which uses a parallel r-C circuit for timing 
is shown in Fig. 4. This is typical of complete timing circuits. The coil of the relay is 
energized a definite time after switch S is closed. When switch S is open, the cathode of 
the vacuum tube is connected through 2R (which is a relatively low resistance) to the 
anode. Resistor 1R and the potentiometer P form a voltage divider across the a-c power 
supply. With the switch open, the cathode is effectively connected to line 1 (through 
resistor 2R). Therefore current will flow from line 3 through a section of the potentiometer, 
through the parallel resistor-capacitor combination into the grid, and back through the 
cathode. The grid in this instance acts as an anode since it is positive with respect to the 
cathode during every other half cycle. The voltage drop across the timing resistor R 
causes capacitor C to become charged. As capacitor C charges, the voltage applied to 
the grid during alternate half cycles becomes less positive—the grid voltage is the alge- 

braic sum of the a-c voltage and the 

1 capacitor voltage. The capacitor will con- 

tinue to charge until the voltage across the 
capacitor is equal to the peak of the a-c 
voltage from line 1 to the slider of the 
potentiometer. If the potentiometer P is 
turned to the extreme counterclockwise 
position, this will be the peak line volt- 
age. As potentiometer P is turned clock- 
wise, the capacitor charges to a lower 
value. When switch S is closed the 
cathode is connected to the other side of 
the line. At this instant the grid of the 
3 Ss 6 tube is negative with respect to the cath- 

Fic. 4. General-purpose Time-delay-relay Circuit ode by whatever potential the capacitor C 
is charged. The instantaneous grid volt- 

age, however, is a summation of the d-c capacitor voltage and the a-c voltage from line 3 
to the potentiometer slider. Figure 5 shows the action of the capacitor discharge circuit 
plus the a-c component. It can be seen that, when the switch is first closed, the grid is 
sufficiently negative at all times so that no plate current flows. As the capacitor dis- 
charges, however, the grid potential reaches a point where sufficient plate current flows to 
energize the relay in the plate circuit. The capacitor Ci of Fig. 4 across the relay coil is 


Fie. 3. Basic R-C Timing Circuits 
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used as an energy-storage device during the half cycle in which the tube is conducting so 
that it can supply energy to the coil during the half cycle when the tube is not conduct- 
ing, thus preventing the relay from chattering. 


Cathode 


voltage 
Timing 
capacitor 
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Tube 
currenk 
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Fic. 5. Grid Voltage and Anode Current after Fic. 6. Typical D-c Voltage Amplifier 
Timing Switch of Timer (Fig. 4) is Closed 


7. D-C AMPLIFIERS 


D-c amplifiers are commonly used in photoelectric controls, motor and generator con- 
trols, electronic voltage regulators, regulated battery chargers, and other equipment 
where it is desirable to amplify d-c signals. These amplifiers are generally not too well 
suited for applications where the signal voltage is low and where a high degree of ampli- 
fication is needed, because the instability of the tube characteristics can result in output 
variations equal to or greater in magnitude than would be obtained from a complete input- 
signal range. D-c amplifiers are very well suited, however, to regulating circuits where the 
difference between two fairly large voltages is applied to the grid circuit. Regulating 
circuits will be discussed in more detail later. 

Figure 6 shows a typical d-c voltage amplifier. Resistors 1R and 2R form a voltage 
divider which establishes the cathode potential of tube 2. Resistors 3R, 4R, and 5R are 
chosen so that, when plate current is not flowing in tube 1, the grid of tube 2 is positive. 
When current flows through tube 1, the additional 7R drop in resistor 3R lowers the grid 
voltage of tube 2 and reduces its plate current. In the plate circuit of tube 2 is shown a 
saturable reactor which could be used in a thyratron phase-shifting circuit, although any 
voltage- or current-responsive device could also be used here. If the signal voltage were 
zero, the grid of tube 1 would be at cathode potential and tube 1 would be carrying approx- 
imately maximum current. As the grid voltage of tube 1 is made negative, the plate 
current of tube 1 would decrease, thus increasing the plate current in tube 2. 


8. A-C AMPLIFIERS 


In control circuits a-c amplifiers are usually of the capacitance-coupled type. Though 
in some circuits they are used in much the same way as in radio circuits they are often 
employed in circuits in which it is desirable to amplify an impulse signal. For example, 
in photoelectric cutoff or web-register control systems used in cutting bags or labels at a 
particular point with respect to the printed material it is desirable for the equipment to 
respond to small marks on paper which is moving at high speed. The light impulse is 
obtained by scanning the paper surface with a photo tube. The normal light level may 
be relatively high, and the mark on the paper may correspond to only a small change in 
light. Therefore, it is necessary to have a very sensitive amplifier which responds only 


to rapid light impulses or changes and not to steady-state light or general changes in 
light level. 
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A typical impulse amplifier is shown in Fig. 7. Resistor 1R, 2R, 3R, and 4R constitute 
a voltage divider te supply the various{voltage levels required in the circuit. The proper 
grid bias on tubes 1 and 2 is supplied through grid resistors 6R and 8R respectively. 
Assume that a steady level of light is 
applied to the phototube. The circuit 
constants are arranged so that under A Ae 
this condition current flows in tube 1 
but not in tube 2. Now if light sud- 
denly is diminished the phototube 
current is reduced and capacitor 10 
momentarily ‘“‘pulls’” the grid of tube 
1 to a more negative position. This 
immediately reduces the plate current 
in tube 1, which in turn raises mo- supply 
mentarily the grid voltage of tube 2 
through capacitor 2C. Tube 2 is a 
thyratron type and has a d-c anode 
supply voltage. Therefore although 
its grid voltage may go in the positive 
direction only momentarily this is 


Reset 


sufficient to fire the tube and once ‘Vion taney 
fired it remains conducting until the 46. 7, Typical Impulse-type A-c Amplifier as Used in 
reset contact shown is opened. Photoelectric Cutoff Register Controls 


9. REGULATING CIRCUITS 


Regulating circuits are used in many applications where it is desirable to hold quantities 
such as voltage, current, speed, position, pressure, temperature, and the like constant 
irrespective of conditions, such as load or line-voltage variations, which would normally 
cause the quantity being held to deviate from the desired value. Any regulating circuit 
has four fundamental requirements: 

1. A standard or a reference voltage, which is held constant at all times and which 
represents a value against which the quantity to be held constant is compared. The refer- 
ence voltage is the heart of a regulating circuit because the accuracy of the regulator can 
never be more accurate than the reference voltage. 

2. Means must be provided so that the quantity to be regulated will produce a signal 
voltage which can be compared with the reference voltage. 

3. An amplifier, to amplify any difference that may exist between the regulated ‘quantity 
and the reference voltage. 

4. A controlling means, which will operate from the amplifier to restore the quantity 
to approximately the value originally held before the deviation occurred. 

Figure 8 shows an electronic voltage regulator, the purpose of which is to supply a 
constant d-c voltage output over a wide range of load current and d-c input line voltage. 
The total output power from this circuit is limited by the current that can be handled 
by the 2A3 tube shown. (Parallel tubes or other tube types will deliver more power.) 
Assume for the moment that switch S is open and also that no current is flowing in the 
plate of the 6J7 tube. Under these conditions, the grid of the 2A3 tube will be at approxi- 
mately cathode potential. The effective resistance of the 2A3 tube under this condition 
is very low. Therefore a high voltage will exist across lines 2 and 3. Resistors 1R and 2R, 
which are in series with the OA3/VR75 glow tube, are such that with rated regulated d-c 
output voltage the glow tube will ionize and, once ionized, will conduct a small amount of 
current. The characteristic of the glow tube is such that, if the voltage between lines 2 
and 3 is varied, the voltage across the glow tube will remain reasonably constant. How- 
ever, the more constant the voltage across lines 2 and 3 can be held, the less variation 
there will be in the voltage across the glow tube because the-voltage across the glow tube 
changes somewhat with current. Since the objective of this equipment is to hold the 
voltage output constant, the reference voltage must be held as constant as possible. 

The cathode of the 6J7 amplifier tube is connected to the glow-tube anode, point 4. 
Resistors 3R and 4R constitute a voltage divider across the output of the regulator and 
therefore provide a signal to the grid of the 6J7 tube which is proportional to the output 
voltage. Resistors 3R and 4R are selected so that with rated regulated d-c output voltage 
the grid of the 6J7 tube will be at approximately cutoff. The actual grid signal consists 
of the difference between the voltage across resistor 4R and the voltage across the glow 
tube. If it is assumed that the reference voltage from the glow tube is constant, then 
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any deviation in output voltage will be reflected as a difference in the potential between the 
grid and the cathode of the 6J7 tube. ; : 

As was stated before, if no current is flowing in the 6J7 tube, the effective resistance 
of the 2A3 tube is very low. The output voltage between lines 2 and 3 therefore will be 


Non- 
regulated 
d-c 


Fie. 8. Electronic D-c Voltage Regulator 


high. This, however, results in a grid-to-cathode voltage on the 6J7 tube of a sufficiently 
high positive value to cause the 6J7 to conduct plate current. This current causes an 
IR drop between lines 2 and 7 across resistor 5, and causes the grid of the 2A3 tube to 
assume a negative potential. This negative potential increases the effective resistance 
of the 2A3 tube and thus reduces the output voltage between lines 2 and 3. There is a 
certain grid-to-cathode voltage on 
the 2A3 tube which will result in an 
output voltage across lines 2 and 3 
sufficient to adjust the grid potential 
of the 6J7 tube to give the desired 
grid-to-cathode voltage on the 2A3 
tube. 

If now the regulator is holding a 
given voltage and load is added by 
closing the switch S, the output volt- 
al age between lines 2 and 3 will im- 

mediately drop because the effective 
eee oy resistance of the 2A3 tube is in series 
N with the load. In order to correct 
250 ~ this low-voltage condition, the regu- 
lator must again go into action. 
When the output voltage is reduced, 
the grid voltage is made more nega- 
tive with respect to the cathode 
voltage on the 6J7 tube. This more 
negative value of grid voltage re- 
duces the 6J7 plate current and 
thereby makes the 2A3 grid less neg- 
ative, which reduces the equivalent 
resistance of the 2A3 tube, again re- 
0 10 20 30 storing the correct output voltage. 
Load milliamperes The curves of Fig. 9 show input 
Fic. 9. Performance of Electronic Voltage Regulator and output voltage as a function of 
Shown in Fig. 8 load current for the regulator. It 
also shows the plate-current change 
required of the 6J7 tube to give accurate regulation of the output voltage. It can be seen 
that, for a wide change in output load current and for a wide change in input line voltage, 
the regulated output voltage is held nearly constant. 
The electronic voltage regulator just discussed is a simple unit when compared with most 
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complex electromechanical regulators; however, it is typical of all regulating circuits in 
that it includes the fundamental elements of a regulating circuit. 

The essential regulating elements can be explained as follows: Referring to Fig. 8, the 
voltage across the glow tube between lines 3 and 4 is the standard or reference voltage. 
The voltage across lines 3 and 6 is the signal voltage. Any difference between the voltages 
4 to 3 and 6 to 3 is applied to the grid of the 6J7 tube, which amplifies the existing devia- 
tion. This in turn controls the grid on the 2A3 tube to correct for the voltage deviation. 
An important feature of a regulating circuit, as far as obtaining accuracy is concerned, is 
the use of two relatively large voltages in the comparison circuit. This can be shown best 
by an example. If the 6J7 tube required 0.1-volt change on the grid to effect a complete 
swing of the grid of the 2A3 tube, this 0.1-volt change can be accomplished on a 200-volt 
output circuit with a 75-volt reference voltage by approximately a 0.3-volt total error 
in the output. In other words, the inherent regulating error of the system does not exceed 
0.3 volt out of 200 volts or 0.15 per cent for a wide load and input line-voltage change. 
Furthermore, if the inherent tube characteristics varied in such a manner that a given 
6J7 plate current resulted with a grid voltage 0.3 volt different from the original voltage 
the output voltage would again be in error by only approximately 0.15 per cent. If lower 
voltages were used, both errors would increase. 


10. THYRATRON GRID-CONTROL CIRCUITS 


Thyratron tubes are used in circuits having d-c or a-c anode supplies. When they are 
used with d-c supplies they are on-off devices and a simple d-c grid-bias control can be 
used to fire the tubes, In a-c cir- 
cuits, such as rectifiers or electronic + 
contactors, however, it is usually 
desirable to control the effective 
output voltage by controlling the 


Anode voltage 
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point in each cycle at whichapar- 0 .- call 
ticular tube fires. ——-. 
When a thyratron is connected iat Grid 
to an a-c power supply the anode Poince voltage 
voltage is different at each point (A) (B) (c) 
in the cycle. Therefore at the be- Zero output Full output Half output 
ginning of a positive-voltage half voltage voltage voltage 
cycle a positive value of grid volt- Fie. 10. Method of Grid Control of Thyratron Tubes 


age is required to fire the tube. As 
the anode voltage increases in the positive direction, the grid voltage required to fire the 
tube becomes negative. Figure 10 shows a curve of the grid voltage—the critical grid- 
voltage curve—required to fire a thyratron tube on an a-c power supply. Figure 10A 
shows that with an a-c grid voltage applied 180° out of phase with the anode voltage the 
tube does not conduct. Figure 10B shows that with an a-c grid voltage applied in phase 
with the anode voltage the tube conducts for the entire half cycle. Figure 10C shows 
that with the a-c grid voltage lagging the applied voltage by 90° the tube conducts for 
half of the half cycle. 

Although a number of different types of grid-controlled circuits can be used for con- 
trolling the output voltage of thyratron tubes, the most widely used control circuits are: 
(1) grid-voltage phase shifting; (2) fixed 90° phase shift with adjustable d-c bias. 
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Fria. 11. Basic Circuit for Controlling Thyratron Tubes with Adjustable Grid-voltage Phase Angle 


Figure 11 shows the basic circuit for a method of controlling thyratrons by means of an 
a-c grid potential whose phase angle can be adjusted. The grid-voltage phase position is 
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determined by the ratio between the variable inductance and the fixed resistance shown 
in the primary of the grid transformer 27. Figure 12 shows the vectors of the voltages 
involved in the grid circuit. is the anode-transformer secondary voltage. Ir is the 
voltage across the resistor and is in phase with the resistor-reactor series current. Jzy is 
the voltage across the variable reactor. The actual grid 
voltage EH, can be seen to vary in phase position, but 
not in magnitude, as Jxy is changed (change in the re- 
actance). The variable reactor could be an iron-core 
reactor with a removable plunger, or a small saturable 
reactor, the d-c winding of which could be energized by 
a vacuum tube or other means. It is also possible to 
use a fixed capacitor and a variable resistor to obtain 
this same type of control. Another method of obtain- 
Fic. 12, Vector Voltages of Phase- ing this same type of control is by the use of a selsyn 
* “shift Circuit of Fig. 11 (induction phase shifter) which has a three-phase 
primary stator and a single-phase secondary rotor. As 
the rotor is turned, the rotor output voltage, which can be applied directly to the grid 
circuit, changes in phase position. 

Figure 13 shows the basic circuit for obtaining a fixed a-c voltage phase shift plus an 
adjustable d-c voltage for controlling the thyratron firing point. The voltage H, can be 
seen to be made up of two components: #2, having a magnitude which is determined by 
the ratio of transformer 27, and a phase position which is determined by the ratio of 
resistance and capacitance in the primary of transformer 27; and an adjustable d-c 
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90° lagging 
a-c grid potential, Eo 


Fia. 13. Basic Circuit for Controlling Thyratron Tubes with Fixed A-c Voltage Phase Shift plus Ad- 
justable D-c Grid Voltage 


potential #,. With this circuit, grid control is obtained by adjusting the d-c grid poten- 
tial #;. Figure 13 shows firing full on with positive grid voltage and nearly full off with 
negative grid voltage. Smooth control can be obtained over the entire range. 


COMPLETE ELECTRONIC DEVICES 


Many electronic circuits can be built into complete electronic devices, the operation of 
which is independent of associated equipment. Timing relays, electronically regulated 
power supplies, rectifiers, and electronic contactors are complete electronic devices which 
have been discussed previously. 


11. ELECTRONIC RELAYS 


CONTACT-OPERATED ELECTRONIC RELAYS. Contact-operated electronic relays 
are used where it is desirable to operate a magnetic contactor or other electrically operated 
device upon the closure of a circuit which has insufficient current-carrying capacity to 
operate the final or an intermediate device. For example, it is often desirable to have a 
power circuit initiated when an instrument pointer reaches a certain mark on the scale. 
The pointer contacts in most cases are not only inadequate to carry the power in the load 
circuit but also inadequate to carry the power required to actuate a contactor in the load 
circuit. The contacts, however, are adequate for insertion in the grid circuit of an elec- 
tronic relay, which will in turn initiate a magnetic contactor. Other applications of this 
type of relay are: (1) liquid-level controls where the liquid itself is the conducting me- 
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dium—in this case a pump or a valve is operated by means of the relay; (2) high-low 
gaging of small parts where the parts passing between contacts carry the grid signal 
which in turn operates the relay to actuate reject devices; (3) drop-switch circuits in 
textile mills to operate signals which indicate broken ‘“‘ends’”’ of yarn. 

Figure 1 shows a typical circuit diagram 
for a contact-operated electronic relay. 
When the switch S is open, the transformer 
secondary supplies power through the half- 
wave rectifier to charge capacitor 2C. At 
the same time the grid of the amplifier tube 
is at cathode potential. The triode tube 
conducts full current and relay CR is en- 
ergized. When the switch S is closed, the a mn 
grid of the amplifier tube is brought to a a-c 
negative potential and the relay CR is de- 
energized. By the proper choice of resis- 
tors 1C, 1R, and 2R, this circuit will operate 
with resistances as high as 10 megohms 
across the switch terminals. Also, with 
other resistor and capacitor values it will : 
operate when the switch circuit is closed ye. 1. Typical Circuit Diagram for Contact- 
only long enough to give a very short im- operated Electronic Relay 
pulse for charging capacitor 1C. 

PHOTOELECTRIC RELAYS. Photoelectric relays are often used as limit switches 
for operating signals, counters, or other devices in applications where mechanical limit 
switches would be unsuitable because of an excessive number of operations, because of 
extremely high velocities of moving articles, because of temperature extremes or because 
the material which is to operate the device has insufficient mechanical strength to operate 
a mechanical limit switch. There are also many photoelectric-relay applications which 
are unique to light-responsive devices, as indicated by the following examples: (1) oper- 
ation by the light reflected by or transmitted through certain colors of material; (2) oper- 

ation by the amount of light 
transmitted through holes in 
cloth, paper, steel, or other 
HL aie material; (3) operation by 
Indicating Light light reflected from certain 
types of bottle cracks. 
Figure 2 illustrates an in- 
genious application of a sim- 
Screwdriver ple photoelectric relay. A 
motor-driven screwdriver is 
used to make an adjustment 
on a relay contact. When 
the contact opens, an indicat- 
ing light is turned on. A 
phototube is held over the 
indicating light to shut off 
the motor-driven screwdriver 
automatically when the light 
comes on, thus assuring 
proper adjustment of the 
relay. 

A number of special and 
general-purpose types of 
photoelectric relays are com- 
mercially available. Figure 3 
shows several general-purpose 
photoelectric relays: 1 is an 
outdoor-type weatherproof 
relay; 2 is an indoor-type 
high-sensitivity relay with a large light-collecting lens; 3 is a high-sensitivity relay with a 
separately mounted phototube; 4 is a simple general-purpose relay; 5 is a general-purpose 
relay with a separately mounted phototube. 

Figure 4 shows the circuit diagram for the general-purpose relay, numbered 4 in Fig. 3. 
Assume that light is not shining on the phototube and that the slider of potentiometer P 


Fic. 2. Application of Photoelectric Relay to Motor-operated 
Screwdriver (Courtesy General Electric Co.) 
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is turned completely counterclockwise. Therefore the full voltage of the lower transformer 
secondary is connected from the cathode to the grid circuit. During every other half 
eycle the grid circuit becomes positive. This charges the grid circuit capacitor by grid 
rectification in the direction indicated. The grid circuit is positive during the half cycle 
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Fie. 3. General-purpose Photoelectric Relays (Courtesy General Electric Co.) 


in which the plate is negative. Thus no plate current flows. When the plate circuit is 
positive, the polarity of point A is negative; also the charge on the capacitor is in a direc- 
tion to make the grid even more negative, thus preventing the relay from being energized. 
Now, if light is applied to the phototube, current flows through the phototube and capacitor 
in the direction of the arrow during the half cycle in which the grid is negative. This 
effectively discharges the capacitor in proportion to the amount of light on the phototube. 
If sufficient light is applied to the photo- ’ - 

tube, the capacitor charge due to the Stationary operating vane 

phototube will be greater than the charge 
due to grid current and the grid will 
become positive, thus energizing the 
plate-circuit relay. When the potenti- 
ometer slider is in the counterclockwise 
position, the capacitor charges to a 
higher value than when it is turned clock- 
wise; therefore more light is required to 
operate the relay in the counterclockwise 
position of the slider than in the clock- 
wise position. 


110 Volts 
a-c 


=, 
> 
> 
> 
Oo 
oO 
<> 
=> 
> 
=> 


Fie. 4. Circuit Diagram of Relay 4 in Fig. 5.  Oscillator-type Elevator-leveling Relays 
Fig. 3 Mounted on an Elevator ca Crear General Elec- 
tric Co. 


' The a-c operated type of photoelectric relay just described is not suitable for applica- 
tions where the light impulses are of extremely short duration, because an impulse may 
occur during the time when the sine wave of anode potential is passing through zero and 
therefore the relay would not be energized. Impulses of light for a-c operated relays must 
be at least in excess of 1 cycle. In order to operate relays where the light impulses are of 
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extremely short duration, it is essential to use a d-c power supply for the anode power of 
the amplifier tube, as well as for the photoelectric tube itself. The circuit diagram of a 
high-speed photoelectric relay is shown in Fig. 7, p. 21-17. 

ELECTROMAGNETICALLY AND ELECTROSTATICALLY OPERATED OSCIL- 
LATOR-TYPE RELAYS. The electro- 
magnetically operated oscillator-type relays 
were probably first used industrially in the 
leveling of elevators. Figure 5 shows a 
typical installation of five elevator-leveling 
relays mounted on an elevator car. Fig- 
ure 6 shows the connection diagram for this 
unit. When there is no magnetic material 
in the oscillator coil circuit, the tube current 
is low and the relay CR is de-energized. As 
the car approaches a floor, however, an iron 
channel os the oscillator-coil magnevic Fic. 6. Circuit of Oscillator-type Elevator-leveling 
circuit and oscillation stops. This increases Relay 
the oscillator plate current and energizes 
the relay CR which in turn operates the necessary control equipment to stop the car at 
the desired level. 

Figure 7 illustrates the use of an oscillator-type relay which is used in a pyrometer con- 
troller. An iron vane on the instrument pointer passes through the oscillator coil and 
energizes a 15-amp control relay when the pyrometer reaches a predetermined tempera- 
ture. The point at which the oscillator stops oscillation is very sharp and gives a high 
degree of control accuracy. Also since no mechanical forces are involved, such as there 
would be with mechanical contacts, the accuracy of the instrument is not impaired. 

Electrostatically operated oscillating-type relays are used as level controllers in grain 
bins and in tanks which store non-conducting liquids. 
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Fic. 7. Free-vane Electronic Pyrometer Controller (Courtesy The Bristol Co.) 


12. RESISTANCE-WELDER CONTROLS 


The first large-scale applications of electronic control industrially were made in the 
resistance-welding field. Electronically controlled resistance welders produced results in 
welding which were previously impossible. Thus a highly specialized branch of control 
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has been developed to meet the many requirements of resistance welders. Resistance 
welders are divided into three primary types: (1) spot or projection welders; (2) seam or 
roll-spot welders; (3) upset or flash welders. Most electronic welder-control equipments 
are used on spot, projection, and seam welders. 

The sequence of operation in making a spot weld is as follows: (1) The welder electrodes 
are applied to the metal during the “squeeze” time. (2) Welding current is passed through 
the material for a predetermined ‘‘weld”’ time. (3) The electrodes are held closed during 
a “hold” time, while the material hardens. A pulsation spot weld is made in the same 
manner as a spot weld except that during the ‘‘weld’”’ time the power is intermittently 
applied with cooling intervals between the power intervals. Seam welds are overlapping 
or non-overlapping welds made consecutively by intermittent power pulses while the 
material is passing between two welding wheels. 

Most welder controls consist basically of a thyratron or ignitron contactor connected 
in the primary of a welding transformer. Welding power levels vary from a few hundred 
volt-amperes for small parts to values in excess of 1000 kva for heavy parts and structures. 
Because the resistance of the material being welded is very low, a very high secondary 
current (1000 to 100,000 amp) is required to produce a weld. The relatively long secondary 
“Joop”? which is used, in combination with the low resistance of the secondary circuit, 
results in a low power-factor load. 

From a power-system standpoint, a single-phase load with such high peak-power 
demands of very short duration is sometimes a disadvantage. Energy-storage-type welder 
controls store energy either in capacitors or in an inductance during the non-welding time 
and ‘‘dump” the stored energy into the material to produce a weld. These controls have 
three advantages over the conventional single-phase controls, particularly when used in 
welding aluminum or other high-kva-demand materials: (1) The control operates from a 
three-phase power supply. (2) The peak-power demand is low. (8) The power factor is 
higher than for most single-phase controls. Energy-storage type of controls are more 
expensive and less flexible than single-phase controls, and their general acceptance is 
thereby limited. 

The simplest form of electronic control for resistance welders is the single-phase thyra- 
tron or ignitron contactor described previously. This provides high-speed operation and 
low maintenance, but it is simply an on-off power control. Current starts to how when 
the initiating switch is closed, and it stops flowing at the first current zero after the initi- 
ating switch is opened. The energy in watt-seconds which is delivered to a weld = [?RT. 
The resistance R is dependent on the material being welded. For a given resistance the 
welding current J is directly proportional to the effective voltage. With an on-off type 
control the current can be changed only by adjustment of transformer taps. Often manual 
or mechanical timers are used with ignitron contactors to control the time 7. 

In some cases the approximate adjustment of current magnitude provided by tap-chang- 
ing combinations on the welding transformer are sufficient. However, certain metals and 
alloys which must be welded rapidly (within a narrow temperature range) require more 
accurate current settings. Phase-shift heat-control equipment can be added to ignitron 
contactors to provide these accurate settings. Figure 8 shows oscillographs of welding 
currents under three conditions of heat control. 
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Fie. 8. Oscillograms of Current in Welder when Using Phase-shift Heat Control 


Automatic weld timers are often used with electronic contactors to coordinate the 
various mechanical operations as well as to time the welding power impulse. When 
welding thin-gage materials, the required time of current flow may be as short as 2 cycles. 
A variation of 1 cycle would mean a variation in the heat input of 50 per cent and could 
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give a faulty weld. Therefore precision-type timers are required. On the other hand, if 
the welding time required were 80 cycles a precision timer would not be so important. 

If the power tubes are not initiated at a normal current zero a transient current will be 
present which will result in additional heat in the weld. On short time intervals the 
transient may add considerably to the total heat. Variations in welds will therefore result 
from random firing. Synchronous firing is often provided to minimize the transient cur- 
rent by firing the power tubes at a fixed point in the cycle. Figure 9 shows the transient 
current which will exist when current is started at the zero point on the voltage wave. 
Figure 10 shows how the transient can 
be eliminated by starting the current at ae point on voltage wave 
a normal current zero. 

Figure 11A illustrates a circuit which 

will provide phase-shift heat control and 
synchronous firing. The thyratron fir- 
ing circuits on both tubes are identical py, current 
except for the instantaneous polarities gec. current 
of the transformers in the grid circuits. 
The instantaneous polarities indicated 
exist when the anode of the left-hand 
‘thyratron tube is positive. Figure 11B 
shows the supply voltage H and the 
grid voltage. The grid voltage consists 
of two components: (1) Hg, which is Fie. 9, Oscillogram Made When Current is Started at 
the voltage of 37’ secondary; (2) Ep, Zero Point on Voltage Wave 
which is the voltage of 17’ secondary. 
Transformer 17 is a ‘‘peaking’’ transformer which has only a small amount of iron in 
the core. This results in saturation at a particular point in the wave and therefore 
a peaked output voltage, about 5° or 10° wide. The phase position of the voltage 
applied to the peaking transformer and therefore the phase position of the voltage peak 
is adjusted by the phase-shifting rheostat 1R. The magnitude of Hy when added alge- 
braically to E, is insufficient to fire the thyratrons. Figure 11C, however, shows the grid 
voltage when switch SW is closed. The secondary voltage H, of 2T is of a polarity that 
subtracts from Hg. Voltage Ey is now of a sufficiently high value to fire the thyratrons. 
During the half cycles when the grids are positive, the grid capacitors are charged in the 
direction indicated. This provides a small negative grid bias to prevent misfiring at the 
beginning of a cycle when the a-c grid voltage is going through zero. 

A complete welder control can be made up of a number of individual components, or 
complete control units can be obtained which include some or all of the above features. 
Figure 12 is an elementary diagram of a spot-welder control that provides precise timing 
of the weld impulse, as well as synchronous firing. It does not provide phase-shift heat 
eontrol. The control essentially is made up of a d-c control rectifier (not shown), a 

“keying”? tube to insure starting the 

Start-minimum transient potnt power flow at the desired point in the 
ppoosronesqenrs voltage cycle, a timing circuit which is 

also a leading firing circuit, a trailing 
firing-control circuit, and an ignitron 
power circuit. The keying tube is nor- 
mally held non-conducting by the nega- 
tive bias across resistance 2R. It is fired 
at a particular point in the wave as de- 
termined by the adjustment of resist- 
ance 4F in series with the primary of 
the peaking transformer. When the 
a dhe Sait a Coe ne initiating switch S1 is in the 1 position, 
Staited ‘at thes Neenal Curent ore bee pu throne the grid of tube 2 Be negative. After 
Firing the initiating switch is closed in the 2 

position, and at the proper time in the 

next cycle, the grid of tube 2 is made sufficiently positive so that it conducts. This in turn 
fires the ignitron power tube. As capacitor 2C charges (the time being dependent on the 
setting of resistance 6R), the grid of tube 2 becomes less positive. Ata given time, tube 2 
will again have a negative grid voltage and therefore will not fire the ignitron. On an in- 
ductive load (a welder load), the current in the left-hand ignitron tube will still be flowing 
when the voltage applied to the right-hand ignitron tube becomes positive. This means 
that, as the current in the left-hand ignitron goes to zere, the feedback transformer will 
put a positive voltage on the grid of tube 3, thus making the right-hand ignitron tube 
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conduct for a half cycle. For each half cycle which the left-hand ignitron tube fires, 
there will be duplicate firing on the right-hand ignitron tube. This circuit provides a 
means of controlling two tubes with different cathode potentials from a single timing 
source. Furthermore, it eliminates the possibility of obtaining an odd number of half 
eycles of power, which would cause saturation of the welding 
transformer. This circuit, however, cannot be used for heat 
control. 

Figure 13 shows a fully electronic welder-control panel. 
The top section includes an electronic sequence timer for 
timing the various parts of the machine cycle. The center 
section includes a synchronous precision weld timer and phase- 
shift heat control. The bottom section is an ignitron contactor. 


13. D-C MOTOR CONTROL 


Electronic adjustable-speed drives for d-c motors have been 

_ applied in many industries. Typical of these applications are: 

(1) drives for several types of machine tools, including lathes, 

grinders, and milling machines; (2) paper-machine drives; 

(3) rubber-calender drives; (4) conveyor drives; (5) textile- 

range drives; (6) steel-mill auxiliary drives; (7) testing-equip- 
ment drives. 

In many applications the entire motor power is supplied 
through electronic rectifiers of the controlled type. The thy- 
ratrons are then usually controlled from vacuum-tube control 
circuits. Most applications involving electronic power sup- 
plies have been made in the low- and medium-horsepower 
field, between 1/4 and 30 hp. Although some applications of 
electronic power supplies have been made as high as 300 hp, 
the more conventional power converter in the large size is a 
motor-generator set. In some motor-generator-set applications, 
thyratron rectifiers are used to control the field of the genera- 
tor or the motor or both, as necessary. High-vacuum tubes 
are then generally used to control the thyratrons. In other 
applications electronic control is limited to the use of vacuum ie, IR 


5 F A Fully Electronic 
tubes for controlling the low-power fields of pilot exciters, such Welder Control "Hasine Pre- 


as the General Electric amplidyne, which in turn control the cise Timing and Synchronous 


Firing, but without Heat 
generator or motor-field power. CantrGlan(CoustesuaGaneral 


Figure 14 is a typical electronic control circuit which pro- Electric Co.) 
vides adjustment of the armature voltage of a d-c motor by 
thyratron phase-shift control to obtain speed control. Figure 15 shows pictorially the 
essential components of a complete adjustable-speed drive. This drive provides the fol- 
lowing features: (1) adjustable motor speed over a wide range from an a-c power supply; 
(2) accurate speed regulation; (3) current-limit acceleration to a preset speed; (4) com- 
pensation for the internal motor JR drop, regardless of motor load; (5) normal motor 
torque at the instant of closing the motor-armature contactor. 

The motor field is supplied by a non-controlled rectifier (not shown). D-c control 
power is obtained from a small control-power rectifier (not shown). The a-c winding of 
the saturable reactor SR, the d-c winding of which is shown, is connected in the 
thyratron phase-shifting bridge to adjust the rectifier output voltage in proportion to 
the amount of current in the d-c winding. Tubes 1 and 2 are voltage-regulating glow 
tubes. The speed-control potentiometer 1P which is connected across the lower glow 
tube (tube 2) provides a reference voltage against which the motor-armature voltage is 
compared. : 

Conventional glow-tube voltages are 75, 105, and 150 volts. The d-c motor voltages 
are commonly 230 volts. Therefore a voltage divider is connected between lines 24 and 26 
so that the voltages between lines 22 and 7 will be about equal to the reference voltage 
when the motor-armature voltage is 230. The voltage from lines 22 to 7 includes an JR 
compensation voltage which will be discussed later. For the moment, however, assume 
that the JR compensation potentiometer, 3P, is turned counterclockwise so that 26 and 7 
are at the same potential. Any difference in voltage which exists between the slider of 
the speed control and point 22 is applied to the grid of tube 4. A capacitor is connected 
from grid to cathode of this tube to filter the rectifier output voltage before it is applied 
to the grid. 
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If the armature voltage is proportionally lower than the speed-control slider voltage 
the grid of tube 4 will be negative with respect to the cathode and therefore tube 4 will 
conduct no plate current. This results in a lower voltage drop through resistor 2R and, 
consequently, a less negative voltage on the grid of tube 3, which increases the plate 
current of tube 3. 4 ; 

The increased plate current which flows through the d-c winding of SR increases the 
rectifier output voltage until the grid voltage of tube 4 differs from the cathode only by 
the voltage required to produce the desired rectifier output voltage. A small grid-voltage 
change will result in a range of output voltage from 0 to maximum. If the speed-control 
slider is moved, therefore, there exists momentarily a large differential voltage applied 
to the grid. This will turn the power tubes entirely on or off, as the case may be, until 
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Fie. 14. Typical Control Circuit for Electronic Motor Control 


the armature voltage has reached the new level. Once it has reached the new level only a 
small difference between reference and signal voltage is needed to control the rectifier. 

If the field current of a d-c motor is held constant the no-load speed is proportional to 
the applied voltage. When mechanical load is applied to the motor shaft, however, the 
armature current is increased. This results in a voltage drop in the internal motor-arma- 
ture winding which reduces the speed in proportion to the voltage drop. A small motor 
may have a drop of 23 volts at full load. This is 10 per cent of the rated armature voltage 
of a 230-volt motor. At rated applied voltage then there will be a speed regulation of 10 
per cent between no load and full load. At 10 per cent of speed and no load, however, the 
applied voltage is only 23 volts. If this voltage is held constant the speed will be reduced 
to 5 per cent at 50 per cent of load and further reduced to 0 speed at 100 per cent load. This 
is obviously not a satisfactory method of operating, particularly at low speeds. 

Compensation for the JR drop is obtained in the circuit Fig. 14 in the following manner. 

One primary of a current transformer which has two electrically separate primary 
windings is connected in each of the two thyratron rectifier-tube anode circuits. The 
secondary of this current transformer is connected to the rectifier tube 6. A d-c voltage 
which is proportional to the armature load current therefore appears across potentiometer 
2P, resistance 11R, and potentiometer 3P. The polarity of the voltage across potentiom- 
eter 3P is shown. Assume now that the motor is running at no load at any desired speed 
and that the /R-compensation potentiometer 3P is turned clockwise. Since no armature 
current is flowing there is no voltage across potentiometer 3P and therefore the voltage 
from 22 to 7 is proportional only to the armature voltage. Now, if motor load is applied, 
line 26 will become more negative than line 7. As a result the grid of tube 4 will also 
become more negative. This change in grid voltage acts through the amplifier to apply 
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more armature voltage. The armature voltage is thus raised to compensate for the 
resistance drop in the motor due to load. Potentiometer 3P can be adjusted to compen- 
sate for the resistance drop in different motors and therefore to hold the speed constant 
with load changes. Capacitor 2C is used to filter the rectifier output voltage. 

The current transformer and rectifier circuit also provide a voltage signal to prevent 
overcurrent which would result in exceeding the rated peak current of the power tubes, 
the commutating limit of the motor, and perhaps the torque limit of the driven load. 


Fia. 15. Pictorial Elements of Electronically ito en D-c Motor Drive (Courtesy General Electric 
0. 


Assume that the speed control is set at a high-speed point and the motor-armature con- 
tactor M is closed. Tubes 4 and 3 will now control the thyratron rectifiers to give full 
voltage output. This voltage would result in approximately 10 times normal armature 
current at the first instant. The voltage between points 7 and 11 is proportional to the 
armature current. If the armature current is below a normal value (approximately 150 
per cent of full-load current), the grid of tube 5 will be negative with respect to the cathode. 
If, however, it exceeds a normal value, the grid of tube 5 will become less negative and the 
plate current in tube 5 will control the output voltage of the rectifier (in the same manner 
as tube 4 does) to hold the accelerating current at a predetermined maximum value. 
When the armature contactor M is open, the rectifier output voltage is still controlled 
by the speed-control potentiometer. If the speed-control slider were set for a high-speed 
position there would still be an initial high current impulse when the armature contactor 
first closed. To prevent this condition a voltage divider consisting of resistors 7R, 8R, 
and 9R is connected across the regulated d-c voltage. Also the rectifier output voltage is 
connected to the divider at point 24. When the armature circuit is open, the normally 
closed interlock on M connects points 45 to 11. Now, as the rectifier voltage is increased, 


21-30 ELECTRONIC CONTROL EQUIPMENT 


tube 5 draws plate current which holds the rectifier output voltage at a level which will 
result in approximately normal armature current and therefore normal motor torque at 
the instant the armature contactor is closed. Be 
Many other features can be obtained by circuit variations. Some common variations 
are: (1) control of the motor-field voltage by thyratron rectifiers; (2) control of motor- or 
generator-field current; (3) more accurate speed control by means of a small permanent- 


Fia. 16. Electronic Motor- and Generator-field Control for Rubber Calender Drive (Courtesy General 
Electric Co.) 


magnet-type d-c generator mounted on the motor shaft and used as a speed signal; (4) 
reversing by current-limit regenerative means; (5)-speed programming; (6) timed accelera- 
tion in lieu of current-limit acceleration; (7) motor-speed control in accordance with ex- 
ternal signals. 

Figure 16 shows a control panel for a rubber-mill calender drive which includes electronic 
control of the fields of a generator and a 125-hp motor. 


14. SIDE-REGISTER POSITIONING CONTROL 


Servomechanism is a term often applied to the general field of follow-up or positioning 
control. Side-register positioning control is one of the many examples of positioning 
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control which could be selected from this broad, general field. Side-register control is 
applied to steel-mill ‘‘coilers,’’ to papermill ‘‘reels,’”’ and to textile-mill ‘‘beams’”’ to obtain a 
smooth surface at the edge of the finished-material roll. It is also used on slitters for 
insulating tape, linoleum, and the like to guide material going from a reel into the slitting 
knives so that only a certain amount of undesired edge will be trimmed, with a minimum 
of waste beyond the slitter. 

One frequent use is an electronic side-register positioning control applied to a paper 
slitter. In this application it is desirable to hold the edge of the material at a given point 
with respect to the slitting knives. A photoelectric scanner, including a light source, a 
phototube, and a preamplifier, is focused on the edge of the paper. The photoelectric 
preamplifier supplies a signal to the electronic control panel, which in turn operates an 
alignment motor to move a large roll of paper, as well as the nip roll, back or forward in 
order to obtain a fixed position of the edge of the paper. Different types of side-register 
positioning-control equipment are available to suit varying requirements, such as variation 
in contrast between the material and its background, range of colors to be used, alignment- 
motor horsepower, accuracy of positioning, and maximum correction rate required. 

The circuit diagram shown in Fig. 17 is that of a simple on-off type control. This con- 
trol with its associated reversible a-c motor and mechanical brake will meet the require- 
ments of applications where: (1) there is a reasonably large light contrast between the 
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material to be positioned and its background or where direct light transmission can be 
used; (2) the required accuracy is not greater than plus or minus !/1¢ in.; (3) the required 
rate of correction is not greater than 5 in. per min. The correction motor in this case 
is a reversible a-c motor which is operated in the forward or reverse direction by magnetic 
contactors, which are in turn operated by relays 1CR and 2CR. If there is no light shining 
on the phototube, the grid of tube 1 will be negative. If tube 1 is not drawing current, 
the cathode will go slightly negative, but, in doing so, since the cathode of tube 2 is con- 
nected to the cathode of tube 1, tube 2 will be turned on. The lack of current in tube 1 
will cause tube 4 to conduct and energize relay 1CR. Since tube 2 is conducting, tube 5 
will be non-conducting and relay 2CR will be de-energized. If a large amount of light is 
now applied on the phototube, the grid of tube 1 will be positive and tube 2 will conse- 
quently be turned off. This will result in the opposite operation of relays 1CR and 2CR. 

The light-intensity adjustment can be turned clockwise to decrease the intensity that 
will cause the relays to operate. For a given light intensity, the centering adjustment will 
make the transition in the relays occur when approximately half of the light beam is 
intercepted or reflected, depending on the method of light transmission. It is obvious 
that, if there were no dead zone between the operation of the two control relays, the equip- 
ment would be continually hunting from one side to the other. The dead-zone adjustment 
provides an adjustable amount of distance over which the material can travel without 
actuating the control relays. 

In applications where continuous operation of the correcting motor is desirable, the 
system just described is not suitable because of the maintenance of the mechanical parts. 
In these applications the photoelectric amplifier can control two half-wave thyratron rec- 
tifiers which are connected in inverse parallel to operate a shunt-wound d-c motor in the 
forward or reverse direction. For correcting motors of 3/4 hp or larger, vacuum tubes are 
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generally used to operate the field of a pilot generator which will in turn supply power to 
operate the correcting motor in the forward or reverse direction. Where wide ranges of 
light intensities and small light differentials are to be encountered, a more elaborate con- 
trol equipment involving a rotary-lens-type scanning head is often used. 


15. PROCESS CONTROLS 


Electronic control has recently made its way into the field of process instrumentation 
and control, where it is now frequently used in measuring, recording, and controlling such 
process variables as temperature, pressure, flow, pH, moisture, and the like. An electronic 
control unit included as a part of a complete potentiometer controller is shown semi- 
schematically in Fig. 18. The battery supplies a standard reference voltage to the slide 
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Fic. 18. Semischematic Diagram of Continuous-balance Potentiometer Controller (Courtesy Brown 
Instrument Co.) 


wire. The voltage produced by the thermocouple is compared with the voltage at the 
slider. Since the voltage magnitudes are so small, however, it is not suitable to apply this 
voltage difference directly to a d-c amplifier. Instead, it is connected to a vibrating-type 
inverter which is synchronized with the power-supply frequency to produce a-c voltage 
impulses of a given phase relation in the amplifier tubes. If a difference exists between the 
thermocouple voltage and the voltage of the standard, this signal is amplified by an a-c 
voltage amplifier and further by means of vacuum-type power-amplifier tubes to control 
the power applied to a small reversible-type a-c balancing motor. The reversible balancing 
motor repositions the slider until the thermocouple voltage matches that of the battery. 
Thus, the pointer is positioned to show the temperature which exists at the thermocouple 
location. 

If pressure is to be measured or controlled, the pressure-sensitive element can be a 
variable reactance. This can be used in an a-c bridge circuit, and the mechanical inverter 
is not necessary. 


16. SYSTEM STABILIZATION 


In any electromechanical system there is a time lag between the application of a correc- 
tion signal and the final corrected value; for example: (1) if a given voltage is applied to the 
field of a generator, the inductance of the field prevents the field current and therefore the 
generator output voltage from building up instantaneously; (2) if a given voltage is applied 
to the armature of a d-c motor the mechanical inertia prevents the motor speed from instan- 
taneously reaching its new value; (8) if a correction voltage is applied to the correcting 
motor of a servomechanism positioning control not only must the correcting motor accel- 
erate its own inertia plus the inertia of the connected load but it must also run at rated 
speed until the new position is reached—then it must decelerate. 
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Assume that a sensitive and instantaneously operating electronic voltage regulator is 
applied to a d-c generator. If the generator output voltage is lower than that called for 
by the voltage-adjusting potentiometer, the regulator will immediately apply the maximum 
field voltage to attempt to correct the output voltage. The output voltage, however, will 
increase slowly because of the field inductance. However, when the output voltage reaches 
the desired value the electronic regula- 
tor immediately applies the correct field 
voltage to hold the desired output volt- 
age. Such a system may be slow in re- 
sponse, but it is stable in its operation. 

If on the other hand it is assumed that 
the electronic regulator has internally an 
inherent time lag, the operation of the 
entire system will be quite different. If 
the generator voltage is low, the regu- 
lator will again apply maximum field 
voltage. When the generator voltage 
reaches the desired point, the regulator 
will not immediately apply the correct 
field voltage because of the inherent Hee 
time lag in the regulator. The correct 
field voltage will not be established until 
the output voltage has exceeded the Fya. 19. Method of Adding a Predominant Time Lag 
desired value. Now, however, the regu- to Reduce System Hunting 
lator receives a signal which will result 
in a weaker field than normal. As a result, the system may be unstable and continue to 
oscillate above and below the desired voltage level. 

The frequency of oscillation or hunting is determined by the time constants of a system. 
If long time constants are involved, the hunting will be at a low frequency; if short time 
constants are involved, the hunting will be at a high frequency. In order for hunting to 
exist in any system, two conditions must exist: (1) the total time lags of the entire regulat- 
ing system must result in the regulating-voltage signal being fed back to the regulator 
input 180° out of phase with the normal sense of the correction voltage; (2) at the fre- 
quency at which the total time lags 
add up to 180°, the overall system 
amplification must be equal to or 
greater than 1. 

Obviously hunting is undesirable in 
most systems. Therefore means must 
be established to eliminate it. Several 
methods are in common use. 

As was pointed out earlier, a system 
with a single time constant will not 
hunt. (Although this is true in general 
there are single-lag systems which will 
hunt.) Hunting in a system having 
two or more independent time lags can 
be reduced by artificially adding a time 
constant which is sufficiently greater 
than the others that it predominates. 
Such a system will approach a single- 
fe) lag system in performance. Figure 19 
shows how a lag can be added to a 
d-c amplifier circuit. The grid-to- 
plate capacitor charges or discharges 
through the series grid resistor at a 
rate dependent on the circuit con- 
stants. The action of the grid there- 
fore lags behind the input signal. 

Since the overall amplification of the system must be at least 1 at the hunting frequency, 
a simple way of reducing hunting is to reduce the system amplification. Conversely, the 
higher the system amplification is, the more likely the system is to hunt. 

Often rate of change or derivative signals may be added to the input signal to reduce 
hunting. Figure 20 shows a typical circuit used in a speed regulator. The steady-state 
grid-voltage signal from the tachometer-generator which is connected to the motor shaft 
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is determined by resistors 2R and 3R. During a change in speed, however, the capacitor C 
supplies a grid voltage which is proportional to the rate of change of speed and thus pro- 
vides a grid signal which is ahead in time relation to the speed signal. 

Rigorous solutions to stability problems are often complex. Furthermore, assumptions 
of system constants or simplifying assumptions often are proved to be in error when equip- 
ment is installed. As a result most systems are stabilized by empirical methods. 
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RADIO AIDS TO AIR NAVIGATION 


By Henry I. Metz 


1. INTRODUCTION 


Thirty-five thousand miles of federal airways exist today in the airspace over the United 
States. This mileage, shown in Fig. 1, is constantly and very rapidly increasing. Informa- 
tion about the condition of the airway, weather ahead, and other traffic is available con- 
stantly to the pilot by means of 
automatic radio aids to naviga- 
tion and two-way radio voice 
communications. 

The establishment, operation, 
and maintenance of the airways 
are among the functions of the 
Civil Aeronautics Administration 
(CAA) under the U. S. Depart- 
ment of Commerce. 

When the federal airways pro- 
gram was started in 1926, the de- 
velopment of a reliable radio 
communication and guidance sys- 
tem was undertaken. Basically, 


Fia.2(). V a Te 0 in tracks were established in the air- 

1G. 2(a). View of Aircraft Automatic Direction Finder Equip- : ; 

ment Showing the Loop Antenna (Courtesy Bendix Aviation space by overlapping keyed radio 
Corporation) patterns, the points of overlap 


being interpreted aurally by the 
pilot, who wears a pair of headphones. Although originally produced by a pair of crossed 
loop antennas, the tracks are today made by an Adcock array of vertical radiators which 
give greater night-time stability. The transmitting station is called a ‘radio range station.” 
It produces four tracks called ‘‘courses,”’ all of 
which emanate radially in predetermined fixed 
directions. There are 399 range stations now in 
operation. The coordinated alignment of a series 
of range courses constitutes an airway. 

A system of markers has been added to the 
range courses. These are vertically directed 
signals at 75 Mc, received on a special receiver Radlo compass 
in the airplane and connected to a signal light 
on the instrument panel. The light operates 
only when the airplane is over the marker 
station. 

An automatic direction finder (ADF), as 
shown in Fig. 2, is carried today by most com- 
mercial airplanes and is required (in some form) 
by CAA on scheduled airliners. Its pointer indi- 
cates the direction to the station tunedin. It 
may be used as an aid in flying the range course 
or to determine position by taking bearings on Fria. 2(b). View of Aircraft Automatic Di- 
two or more stations. rection Finder Equipment Showing the Bear- 

Countries other than United States, Canada, *™™® Indicator (Courtesy Bendix Aviation 

3 ; poration) 
and Australia have based their traffic opera- 
tions on ground station direction finding (DF). DF stations are available in these 


countries to give bearings to the aircraft calling, just as is now done in locating position 
on ships at sea. 
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Airborne direction finders have also been used extensively in other countries in coopera- 
tion with high-powered, non-directional, transmitting stations on the ground. A system 
called ‘‘radio-phare’’ has been employed in which three spaced ground stations transmit 
in time sequence on the same frequency. Without readjustment of the airborne ADF 
receiver, three bearings can be quickly obtained from the radio-phare. The German 33- 
Me “Lorenz” instrument landing system (localizer, glide path, and markers), in particular 
the localizer, was in quite general use before the war. Its localizer, using interlocked aural 
dots and dashes (similar to the U.S. Aural AN Radio Range) to differentiate left from right 
in approaching the runway, was used for distances up to 100 miles in cases where the 
fixed course alignment agreed with the desired flight direction. 

The CAA is engaged in a program of converting all the federal airways aids to static-free 
VHF, except that a few strategically located low-frequency range stations will be retained 
(with increased power) to serve for long cross-country flights. In addition to converting 
to VHF, all future ranges will be of the ‘‘visual’’ type (i.e., using pointer instruments 
instead of headphones), and will have omnidirectional courses (i.e., instead of only four 
range courses, the pilot may select any radial track, or course, from the station) to take 
care of increased numbers of airplanes and airports. Instrument landing systems, de- 
veloped previously and now installed at 110 airports, will be used at once to relieve airport 
traffic congestion in bad weather. Radar will be used soon as a traffic surveillance device 
and, perhaps later, as a direct means of controlling traffic. Pulse techniques will probably 
be applied immediately in new meter-type distance-measuring equipment (DME) and 
later in anticollision devices. Long-distance flights across water will be guided by rela- 
tively low-frequency aids such as omnidirectional, Loran, Sonne, or other systems. 

Automatic flight, controlled by radio signals transmitted from the ground, has already 
been demonstrated to be more accurate than human-pilot-controlled flight. It will un- 
doubtedly be used by all commercial aircraft in conjunction with automatic computers, 
to permit controlled, track-type flying in any direction regardless of station position. 


2. TERMINOLOGY AND DEFINITIONS 


Certain terms associated with radio aids to air navigation in engineering discussions 
are listed below with their definitions: 

Radio Range. Any CW radio station whose radiation inherently produces directional 
courses, or tracks, fixed in their relation to the earth’s surface and independent of aircraft 
heading. A radar range is similar but uses pulse radiation. 

Marker. Any station having limited or directed radiation used to give an aircraft its 
position along a range course. 

Heading. Direction (azimuthal and clockwise from north) in which aircraft is point- 
ing. It agrees with direction of flight if there is no crosswind. 

Bearing. Azimuthal angle (from north, clockwise) of line between fixed ground station 
and airplane, or vice versa. It is generally necessary to state where the bearing is from 
and to, in order to avoid ambiguity. 

Track. Actual direction of motion of aircraft with respect to earth’s surface, expressed 
in degrees of azimuth (from north). 

Beacon, Non-directional. A radio transmitting station whose radiation is essentially 
uniform in all directions or which does not use directional radiation characteristics to con- 
vey intelligence. 

Beacon, Omnidirectional. A beacon whose directional or other radiation characteristics 
cause it to give information equally in all directions. 

Course Sharpness. The relation between angular displacement from course and deflec- 
tion of the pointer of the indicating instrument, usually expressed in angular degrees of 
displacement required to give full-scale-left to full-scale-right pointer movement. This 
sharpness is generally a function of ground-station pattern sharpness and receiver gain 
setting. Localizers are generally used with 4° to 5° sharpness. 

Pattern Sharpness. The difference in pattern amplitudes at a given angular displace- 
ment from the equal or on-course line, usually expressed in decibels per 1.5°. Standard 
figure-of-eight patterns (LF aural ranges) give 0.45 db per 1.5°. The CAA localizer 
patterns give about 5 db sharpness. 

Clearance. The db difference in patterns producing a course, at angles other than 
those containing the on-course. High clearance is desirable so that the indicator will 
remain fully deflected everywhere except at the course. 

Multiples. Extra or abnormal courses resulting from zero or negative pattern clearance 
or from severe reflection of signal from buildings, trees, etc. 
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Bends. Angular deviation or distortion of the on-course signal from a true, straight 
radial line from the station. Generally, bends are produced by reflection of the signal 
from buildings or wires near the transmitting station. Bend magnitude is proportional 
to the ratio of reflected signal to direct signal amplitude and inversely proportional to 
pattern sharpness. Apparent bends can be caused by poor receiver AVC action, allowing 
inferior circuit components to unbalance as signal strength changes with distance. 

Scalloping. The irregular or wavy shape of an antenna field pattern caused by reflec- 
tion of the signal from ground objects. Scalloping is evidenced by the pericdic hesitation 
in the course indicator movement as the airplane is flown across the course. Scalloping 
indicates bends when it occurs near the on-course line. When scalloping is severe, multiple 
courses are produced. 

Wiggles. Rapid, random, and erratic movement of the course-indicating pointer, 
generally caused by combined signal from several reflecting objects, especially trees. Poor 
electrical connections and noise also cause wiggles. Wiggles generally do not alter the 
average course line and can therefore be filtered out of the indicator. 

Pushing (or pulling). Displacement of indicated course with heading of airplane. 
Term is derived from observation in cross-course flights that the course was apparently 
‘‘pushed”’ ahead of the airplane. Pushing is caused by the radiation of impure polarization 
(vertical in a horizontally polarized system, and vice versa). Attitude effect, in which the 
indicator shifts with airplane roll, or pitch, is similar in cause to pushing. 

Distance Range. Distance in miles from the station at which useful signal is lost, or 
where course sharpness decreases (loss of AVC). For VHF and above, the line of sight 
range generally prevails. 


3. RADIO AIDS IN THE FEDERAL AIRWAYS SYSTEM TODAY 


The present system consists of the following facilities or services: 

A. Radio ranges, LF (four-course aural with simultaneous voice). 

B. Radio ranges (visual two-course, VHF). 

C. Radio markers (75 Mc). 

D. Automatic direction finder (ADF) receivers. 

E. Communications (HF and VHF). 

F. Air traffic control and weather reporting. 

Each of these is explained separately below. 

RADIO RANGES, LF (four-course aural with simultaneous voice). The radio range 
of today is a 400-watt, highly developed, four-course facility on which practically all civil 
air navigation is based. It is not a perfect device but is simple and effective for distance 
ranges up to several hundred miles. Its irregularities are so well known that many of 
them appear to the trained pilot as an asset. The change in conductivity of the earth 
along the course, in some places, usually in mountainous terrain, causes bends and multiple 
courses to appear. The location of these multiples is known and is plotted on charts. 
Night effect, which is variable, has been minimized by the replacement of loop-type 
transmitting stations with Adcock vertical tower systems. Two highly important objec- 
tions to the range are (1) interference by atmospheric and precipitation static, and (2) 
interference from other stations in the allotted frequency spectrum. 

The present four-course Adcock antenna system consists of five steel towers about 130 
ft high. Four towers are placed on the corners of a square; diagonally opposite towers 
constitute a pair and are about 600 ft apart. The fifth tower is at the center. The pairs 
are connected, but with reversed phase, so that they, respectively, radiate figure-of-eight 
horizontal patterns. The two pairs are connected to a crystal-controlled transmitter 
through the equivalent of a single-pole, double-throw relay called a “link circuit relay.” 
The relay is operated by a motor-driven keyer unit so that one pair of towers gives a 
series of dot-dash (A in code) characters. The back contact of the relay causes the recip- 
rocal character, dash-dot (NV in code) to be keyed into the other pair of towers. The 
schematic diagram is shown in Fig. 3. 

The two figure-of-eight patterns thus contain reciprocal or interlocking characters. To 
an observer with a receiver in space the character heard would depend on position around 
the station. In a position where the patterns overlap, that is, where the A and N patterns 
are of equal amplitude, no character would be observable because they are interlocked 
and the signal is a steady tone. The patterns and courses are shown in Fig. 4. 

Actually, the radiation from the two pairs of towers is unmodulated carrier energy and 
therefore inaudible. The center (fifth) tower is connected to a second crystal-controlled 
transmitter, but its carrier frequency is 1020 cycles below that used for the diagonal towers. 
Consequently, in combination, the receiver produces a 1020 cycle-output resulting from 
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the beat between the two carriers. In effect, the center tower radiates the carrier and the 
receiver is tuned to it. The signal from the side towers constitutes sideband energy. The 
power of the side tower transmitter is adjusted to give 30 per cent of that of the center 
tower carrier signal along the course. The remaining 70 per cent carrier is used for trans- 
mission of voice modulation. The airborne receiver generally contains a combination 
band-pass, band-rejection filter so that the pilot may select voice or range signals without 
interaction. 

The course of the aural AN range is normally about 3° wide. The width depends upon 
headphone level and the pilot’s hearing ability. The change from on-course to full off- 
course is gradual; that is, a ‘‘twilight” zone exists to either side of the course which permits 
the pilot to estimate (very approximately) his nearness to the course. 

Normally, four courses are produced at right angles to each other. All four courses 
may be rotated equally, clockwise or reverse, by turning a goniometer through which the 
outside antennas are connected. Or, if other than right-angle courses are required, as 
shown in Fig. 4, the relative phase of the current in opposite towers is varied by means of 
artificial lines. The total line length between towers is maintained at an optimum value 
for maximum phase and current stability. Under optimum line conditions, the detuning 
of rain, ice, and snow on one antenna reacts to produce an equal effect on the other an- 
tenna, giving greatest stability of courses. 

RADIO RANGES (visual two-course, VHF). The development of a two-course VHF 
radio range was started in 1928 to overcome the static, congestion, and dangerous quadrant 
ambiguity problems existing on the conventional four-course, low-frequency, aural range. 
Now several airways are operating (temporarily on the 110-Mc frequency band) with this 
type of facility, pending conversion of the entire federal airways to the VHF omnidirec- 
tional system. 

The complete designation of the two-course range is: ‘‘VHF two-course visual radio 
range with quadrant identification.’”’ This designation signifies particularly that the 
quadrant ambiguity of the four-course type has been eliminated. Actually, the quadrant 
identification comes through the superposing of two aural courses on the same visual range, 
but with these aural courses at right angles to the visual. This facility, therefore, consists 
of two visual and two aural courses, as shown in Fig. 5. Normally, the visual course is 
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Fia. 5. Basic Patterns and Courses for Two-course Visual Range 


flown by observing deviation on a left-right meter. The aural signal reverses when flying 
the visual course across the station. 

The electrical system of the visual courses is identical to that of the runway localizer 
described under ‘‘Facilities in the New Federal Airways System”’ in article 4. The aural 
courses are laid down as described above in the discussion of aural radio ranges. Requiring 
less course sharpness than the localizer, its antenna array consists simply of three horizontal 
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loops for the visual courses and two additional loops for the aural. The central loop serves 
for both the aural and visual courses (see Fig. 6). 

A simultaneous voice feature is incorporated in this range facility by modulating the 
carrier fed to the center loop with voice. The total modulation capacity of the transmitter 
is divided approximately as follows: 90 eps 20 per cent, 150 cps 20 per cent, 1020 cps 10 
per cent, voice 40 to 50 per cent. 

The sharpness of the visual course is dependent upon the transmitted pattern shape 
and the signal voltages delivered to the receiver indicating circuit. In practice, the 
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Fig. 6. Diagram of VHF Two-course Visual Radio Range 


receiver gain is adjusted to give full scale left to right deflection of the indicator for a 20° 
azimuthal displacement of airplane (plus or minus 10° from the course). The aural course 
sharpness depends upon the patterns and also the pilot or observer. ,On this range it is 
about 2°. 

The pilot selects the voice broadcasts or 1020-cps aural signals of this range through 
the standard range-voice filter described for the four-course range. 

This facility is subject to reflection and propagation phenomena characteristic for 110 
Mc VHF. Objects near the station, such as wires, buildings, and trees, reflect the signal 
and give multiple path transmission to the receiver, causing scalloping of the patterns 
and sometimes bends or multiple courses. In a moving airplane the random reflections 
of trees causes wiggles in the course indicator. Elevating the antenna system higher to 
avoid local reflections destroys the course by introducing low-angle nulls in the vertical 
pattern of the system. The conventional counterpoise (35-ft diameter) does not eliminate 
the difficulty. Horizontal polarization, originally adopted for its superior performance 
in the instrument landing system localizer, aids materially in reducing the reflection 
amplitude. Probably this is because of its zero radiation at the horizontal angle. 

Single reflecting sources at a site generally give smooth (sinusoidal) deviations of the 
course indicator. From a knowledge of the wavelength of the bends and the position 
where observed, the direction of the reflection source can be determined approximately 
by calculation. Distant hills, unless extremely elevated above the station and observed 
by a low-flying airplane, do not cause course difficulties. Good siting isimportant. Station 
sites must be fairly flat and free of the above reflecting sources for a radius of about 500 ft. 
The site should also be high because propagation at these frequencies is line-of-sight 
(about 45 miles is realized in an airplane flying 1000 ft above the station elevation). 

RADIO MARKERS (75 Mc). An essential part of navigation is position checking 
along the route. The radio range gives only direction, or lateral, guidance. The null, or 
““cone”’ of silence, over each range station (Fig. 7) has been used for years as a means of 
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determining “‘over the range’”’ position. Intersecting radio range legs exist at some places 
and are used as ‘‘fixes” during flight. Special non-directional, low-power, low-frequency 
markers have also been used. The difficulties experienced with all of these may be sum- 
marized as follows: (1) unexpected fade-out of signal may be falsely interpreted as the 
zone over the station; (2) intersecting range legs are not always received in bad weather; 
R (3) low-frequency markers have been heard 

420 Pirestion. of Ment many miles from their desired area at night. 


The development of the positive cone or Z 
marker overcame these difficulties. 


The Z marker consists of a crystal-con- 

trolled, 3000-cps tone-modulated, 75-Me, 5- 

fers watt, dual-transmitter and an antenna array. 

cS The transmitter is located within the range 

station and is a dual unit with automatic 

ae transfer in case of any failure. The antenna 

is located between the radio range towers 

and fed from the main station building by 

transmission line. The array may be con- 

sidered as two pairs of horizontal, collinear, 

1.0 0.5 ) 0.5 1.0 half-wave elements, at 90° to each other, and 

Miles Station Miles oxcited in phase quadrature. The array is 

Fia. 7. Range Station Cone of Silence and 75-Mc one-quarter wavelength above a mesh coun- 

em Bichon eT ooo se Wevatin over terpoise. The resulting service from this 

marker, when received by a longitudinal 

doublet under the airplane, is a circular pattern (Fig. 4) several times larger than the cone 
of silence and extending upward above the station about 10,000 ft. 

The receiver generally used with these markers is a crystal-controlled, single-frequency, 
superheterodyne unit weighing approximately 25 lb and having a maximum available 
sensitivity of about 150 microvolts. Its audio output is filtered and connected so as to 
cause lighting of a signal lamp on the airplane instrument panel when marker signal is 
received. The audio output is connected to the pilot’s headphone circuit. Three different 
kinds of indicator circuits are in use at present as shown in Fig. 8. The simplest is that 
employing a rectifier and relay, used by the AAF. One white light is connected to the 
relay contacts. The CAA and airlines use a receiver with no relays but with three output 
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audio filters and three different-colored signal lamps. The white light, operating from 
3000-cycle audio, serves for the airways markers (fan and Z). Amber and blue lamps, 
ore from 1300 and 400 cycles respectively, are used on the instrument landing system 
markers. 

Good audio selectivity is achieved by designing the indicator-reactor circuit to operate 
at about 0 db and by limiting the receiver audio output electronically to about plus 6 db. 
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Any undesired signal, being able to produce only this limited output, will be inadequate 
to operate the lights if attenuated merely 6 db. Only simple filters are required. 

The third system uses the audio signal directly to light the signal light. Good filters 
are employed. When any desired signal appears at the output, some of it is rectified and 
fed back to increase the gain of a controlled amplifier stage. This action gives regenerative 
response resembling relay action. 

Horizontal half-wave doublet antennas are generally used for receiving marker signals. 
They are fastened longitudinally about 6 to 10 in. under the belly of the airplane. Some- 
times the same antenna is also coupled to the low-frequency range receiver so as to serve a 
dual purpose. Some success has been achieved using a shortened antenna flush with the 
airplane skin and having a reflecting sheet inside. 

Fan marker transmitting stations are keyed, tone-modulated, 100-watt, 75-Mc, dual 
transmitters connected by transmission line to a collinear dipole antenna array above a 
mesh counterpoise. Three thousand cycle tone modulation is used, and it is keyed in 
groups of dashes to identify the leg of the range on which it is located. The station is 
located on or near the center of the range course, usually about 20 miles from the range 
station (Fig. 4). Its antenna is aligned parallel to the range course and is received with 
greatest efficiency as the airplane passes over or to either side. 

The name ‘‘fan” is derived from the shape of the marker field pattern. It is fan-shaped, 
as shown in Fig. 9, extending perpendicularly across the airway so as to be received even 
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Fie. 9. Typical Dimensions of Airways Fan-type Marker 


by aircraft considerably off-course. Its range increases with altitude but is generally 
receivable 6 miles*off course at 1000 ft elevation. 

Most of the 257 fan marker stations now operating have an antenna system using four 
collinear half-wave elements equally spaced 180° and carrying equal currents of the same 
relative phase. The array is one-quarter wavelength above a mesh counterpoise. Two 
minor lobes appear in the radiation pattern in the area directly above the station. A new 
array has been developed and is being installed in which the four elements carry currents 
in the ratio 1-3-3-1 and are physically spaced 220 electrical degrees. This arrangement 
eliminates the minor lobes and results in a dumbbell-shaped pattern in horizontal cross- 
section. 

AUTOMATIC DIRECTION FINDER (ADF) RECEIVERS. The most popular and 
most useful radio receiver today is the ADF receiver (Fig. 2). It is an all-purpose receiver 
in the present airways system, providing for the reception of signals from radio ranges, 
CAA radio communication stations, airport control towers, and airline company offices. 
This receiver operates with a loop and a short-wire or vertical sense antenna. The loop 
gives accurate directional information as well as being very helpful in reducing the effects 
of precipitation and thunderstorm static. 

The receiver operates as an ADF by virtue of the introduction of an audio modulation 
into the loop antenna RF circuit as shown in Fig. 10. The audio frequency is non-critical 
and is usually generated in the receiver at about 48 cps. The loop signal, with its locally 
superimposed modulation, is coupled through an RF transformer to the non-directional 
antenna circuit and to the IF amplifier circuit. 

When the loop axis coincides with the direction of arrival of the radio waves, the loop 
contributes no RF signal to the receiver system and consequently none of the 48-cps signal 
gets through to the receiver IF amplifier or audio output. When the loop is turned so as. 
to admit signal, the polarity (relative phase) of the 48-cps audio output with respect to 
the original 48-cps oscillator output is dependent upon the direction in which the loop is 
turned from its original null. A pair of thyratron tubes in a balanced modulator circuit. 
compares these phases and through saturable reactors in the loop motor supply circuit 
drives the loop back toward the null. The motor and control circuit causes the loop to 
“‘seek”’ and hold the null position of any station tuned in on the receiver. A selsyn follow- 


22-12 AIDS TO NAVIGATION 


up system is used to indicate remotely to the pilot the position of the loop. The loop 
position indicator is calibrated in degrees (0 to 360) and is called the bearing indicator. 

In most installations there is some distortion of the received waves because of the struc- 
ture of the airplane. This causes an error in indicated bearing called ‘“‘quadrantal error.” 
The error is of fixed amount in given directions, and the amount can be determined by 
experiment. Cam systems on the loop shaft are usually employed to compensate for the 
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Fie. 10, Diagram of ADF Receiver Operation 


COMMUNICATIONS (HF AND VHF). All communications in the United States 
airways system is by voice. The quality of voice signals received from aircraft, and some- 
times that from ground stations, is far below any standard that would be acceptable in 

.other services. As air traffic.increases, there will be increasing need for-quality, or for.a 

* different system, to preclude misidentification or misunderstanding of received calls. This 
condition is not easily cured. The major cause of poor quality is the enclosing structure 
needed around the microphone to exclude the 100-db noise in the present-day airplane 
cockpit. The ordinary microphone is overmodulated by this noise, and voice cannot be 
superimposed without severe distortion. The aircraft microphone is designed to be rela- 
tively insensitive by enclosing it in plastic. High-level voice, obtained by close talking, 
is admitted through small holes in the plastic. 

Two other microphones are used. One, the ‘‘throat microphone,” is designed to pick 
up vibrations from the throat by being worn on the neck. The other is the ‘“‘lip mic” 
operating on the sound-velocity principle. Most of the noise pressures strike both sides 
of the armature of this mic and are canceled. By attaching it to the pilot’s upper lip, 
high-level voice is applied to one side of the mic, causing modulation. 
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Fic. 11. Chart of Proposed Frequencies for Air Navigation and Communication 
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Airborne transmitters generally operate in the 3 to 6 Mc band and have an output of 5 
to 100 watts. The lower-power units are used by itinerant fliers in contacting traffic 
control towers. Plans are under way to convert all communications to VHF. Many 
ground station equipments at airport towers and airway stations are already installed. 
The VHF bands as outlined in Fig. 11 will permit numerous channels of static-free serv- 
ice. The aircraft antenna at VHF is more efficient than the short wires currently used, 
and consequently reliable service (not beyond line of sight) can be expected with the 
same or less transmitter power. All airline and itinerant transmitters are now crystal 
controlled. This practice will continue on VHF to insure reliable service. 

AIR TRAFFIC CONTROL AND WEATHER REPORTING. The air traffic control 
system operated by CAA on the federal airways depends solely on voice communication 
between the controller and the pilot, assisted by fan markers and ‘holding’? markers 
about which planes orbit until cleared for landing. 

Advanced weather information is, of course, essential. Numerous weather stations 
now release radio-equipped balloons (radiosondes) to permit study of the upper air regard- 
less of visibility conditions. These radio balloons emit coded signals revealing altitude, 
humidity, and temperature up to about 50,000 ft altitude. The radio equipment is ex- 
pendable but is protected by parachute in its fall to earth; some are picked up and mailed 
back for reward. Direction finder and radar tracking of radiosondes has permitted deter- 
mination of upper-air velocity and direction. 

Two new electronic devices permit automatic measurement and recording of cloud- 
ceiling height and horizontal visibility, the ‘‘Ceilometer’’ and ‘‘Transmissometer’’ re- 
spectively. 

The Ceilometer transmitter uses an extremely sharp vertical beam of high-intensity 
pulsing light. The source is a 900-watt mercury arc, striking 120 times per second. At a 
short horizontal distance from the transmitter, a photoelectric cell scans the entire beam 
from its base to top. If the beam is striking a cloud layer, the reflection will appear in the 
cell output. The vertical angle of cell at the time the output is observed is indicative of 
the height of the cloud layer. A recording device makes a record of the ceiling altitudes. 
A unique feature of Ceilometer is the use of pulsing light to eliminate the otherwise ob- 
literating effect of daylight. Daylight, being steady, is filtered out of the system, permit- 
ting equally high ceiling measurement performance in daytime as at night. 

The Transmissometer, which measures the light transmissivity of the air, is similar to 
the Ceilometer in utilizing a concentrated beam of light and a photoelectric cell. In the 
Transmissometer, however, the light is steady and directed horizontally to the cell through 
a kilometer of air near the airport approach lane. The effect of daylight is removed by 
shielding and baffling and by proper choice of beam intensity. The output of the cell is 
converted into pulses, the lowest pulses corresponding to low transmissivity. In the 
weather bureau these pulses are converted into relative values of direct current for ob- 
servation or recording of visibility. 
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The new federal airways system, now being placed in operation, will utilize VHF radio 
for ranges, instrument landing, and communications. The adoption of VHF relieves the 
troubles of static, both atmospheric and precipitation types. 

The new radio ranges will be omnidirectional to satisfy the need for more airways, better 
traffic control, and most particularly to give useful navigation information regardless of 
position from the range station. 

Distance-measuring equipment is planned as an ultimate replacement for fan and Z- 
type radio markers. Operating with the omnirange it will provide the basic requirement 
for safe air navigation—accurate knowledge of position at all times. 

Congestion of traffic at air terminals will be reduced by the VHF instrument landing 
system now installed and by closer coordination in air traffic control. 

In the new system all navigational information will be received visually, that is, by 
meter-type presentation. Some use of cathode-ray tubes may result from development 
work now under way, especially for anti-collision and air traffic control. Whether the 
presentation is by meter or cathode-ray tube, some effects from reflection of signal by 
buildings, trees, or mountains near the ground station will exist. These may cause bends, 
multiples, or wiggles in the course as indicated by the meter. In radar systems, wherein 
all the intelligence is obtained by visual study of the cathode-ray tube, the operator can 
generally separate the main from the reflected signal visually. Pulse technique does not 
in itself eliminate the effects of reflections, but when displayed against a time base on a 
cathode-ray tube it permits a study of all signals received. The reflected signals are visibly 
displaced and diminished by the extra time required to travel their longer paths. 
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INSTRUMENT LANDING SYSTEM (CAA). Instrument approach, or landing by 
instrument guidance, is just now being put into practice in the United States. It comprises 
a runway localizer, a glide path, and three marker beacons. 
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Fic. 12. Diagram of CAA Electronically Modulated Localizer 


Localizer. The localizer creates a course, or track, along the center line of the runway, 
by overlapping two bean-shaped radio patterns having different modulation frequencies 
(90 and 150 cps). The signal service area extends slightly beyond the line of sight, but is 
: conservatively given as 25 miles at 
1000 ft (airplane elevation). The fre- 
quency is 110 Me. 

The localizer transmitting antenna 
array consists of eight horizontally 
polarized loops, spaced symmetrically 
across the center-line extension of the 
runway. It is generally 1500 ft from 
the end of the runway and elevated 
only about 12 ft. Each of the three 
outside loops on one side is paired 
electrically with a loop in similar po- 
sition on the other side. Each pair is 
connected through a control to a com- 
mon sideband generator, as shown in 
Fig. 12. There is a 180° phase re- 
versal in the tie line between the pairs. 
The sideband energy is radiated with 
a sharp null down along the runway 
center line, asin Fig. 13a. The center 
two loops are connected in phase 
(Fig. 12) to radiate carrier, modulated 
with equal amounts of 90- and 150-cps 
voltage. The radiation pattern is 
shown in Fig. 13b. When the side- 
bands in patterns a and b of Fig. 13 
combine in the receiver and appear 
Fic. 13(a). Antenna Pattern of the CAA 8-loop Local- at the filtered output, the overlapping 

izer. Side-band loops. patterns of Fig. 13c are obtained. 
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The airplane receiver, Fig. 14, is adjusted initially so that its filtered output of separate 
90- and 150-cps voltage is well balanced. The output is connected to a balanced rectifier, 
and the rectifier is connected to a zero-center microammeter. The meter remains centered 


as long as equal amounts of 90- and 
150-cps modulation are received, as 
when flying along the runway center 
line in the sideband antenna null. 
Deviation of the airplane right or 
left brings it out of the null. The 
sideband signal then received adds 
to that obtained from the carrier. 
On one side of the null (or course) 
the 90-cps signal adds to that of the 
carrier while the 150-cps signal sub- 
tracts. This causes deflection of the 
zero-center meter. The reverse is 
true on the opposite side of the 
course. The zero-center meter (Fig. 
15) is used by the pilot to determine 
deviation from and {direction to the 
course. The same instrument usu- 
ally contains a second pointer, cen- 
tered horizontally to indicate devia- 
tion from the glide path. The ‘“‘U”’ 
receiving antenna is shown in 
Fig. 21a. 

Although it is possible to obtain 
almost unlimited course sharpness 
in the localizer course by expanding 
the transmitting array and increas- 
ing the receiver output level, there 
is a maximum that can be used 
safely and conveniently by average 
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Antenna Pattern of the CAA 8-loop Local- 
izer. Carrier loops. 


pilots. The sharpness will probably be standardized at 5° (deflection to last dot left, or 


right, for 2.5° deviation from course). 


Only part of the 200-watt carrier (40 per cent) radiated by the center pair of loops is 


Runway 


Fig. 13(c). Combined Side-band Pattern (a) and (6) 


modulated by the 90/150 eps signals. 
The balance is used to handle tone 
identification keying and control tower 
voice modulation. The latter is ex- 
pected to be an aid in approach control 
of airport traffic. 

Glide Path. The glide path is 
established by a  crystal-controlled 
transmitter capable of delivering 
about 25 watts at 330 Mc to an an- 
tenna system producing two types of 
lobes. One antenna produces a beam 
quite broad in the vertical plane (see 
Fig. 16a) which is modulated at 90 
eycles. This will be called the upper 
beam. The other antenna is modu- 
lated at 150 cycles and is raised sev- 
eral wavelengths off the ground to 
produce a multilobed pattern with 
each lobe quite narrow in the vertical 
plane. Comparison of the broad up- 
per lobe with the lowest of the narrow 
lobes establishes the glide path. This 
equisignal path is generally about 2.5°, 
although adjustment of the heights of 
the antennas can bring the crossover 
at. any angle between 2° and 4°. An 
accurate plot of the lobes involved 
for the 2.5° path is shown in Fig. 17. 
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The separate modulation frequencies are generated by a mechanical modulator consist- 
ing of a synchronous (1800-rpm) motor and two metal paddle wheels having three and 
five paddles, respectively. The paddles detune associated resonant sections of trans- 
mission line coupled to the respective antennas and create 100 per cent modulation at 90 
and 150 cps. The modulator is shown in the diagram, Fig. 16b. 
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Fie. 14. Loealizer Receiver Output Circuit 


The equisignal surface represented by the two radiations of the station is obviously 
conical; paths from all directions terminate at the station. The station had to be placed 
off the side of the runway for safety reasons. This means that the approaching airplane, 
if in line with the runway, must follow a hyperbolic path whose minimum altitude exists 
directly opposite the station. To straighten out the bottom portion a special relation 
between the horizontal patterns of the upper and lower antennas had to be applied. 

The receiver for the glide path uses a crystal-controlled superheterodyne circuit and a 
28-volt d-c supply. It requires no high-voltage dynamotor or vibrator power supply. 
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Fie. 15. Cross-pointer Instrument with Flag-alarms to Indicate Signal Failure. (a) Dead needle 
position showing alarm flags in position. (6) Opersaye sea with alarm flags behind mask. (Cour- 
‘ a tesy ‘ 


The output audio (90 and 150 eps) is filtered and separately rectified as in the localizer 
receiver, Fig. 14. The resultant direct current is connected to a zero-center instrument 
(horizontal pointer of cross pointer instrument, Fig. 15). The pilot flies on the path, 
keeping the pointer centered, or horizontal. The dipole antenna, shown in Fig. 21a, is 
used in receiving the glide-path signals. 
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It is evident in that the glide-path equisignal lines converge and become very sensitive 
to vertical displacement of the airplane near the station and runway. This is offset by 
designing into the receiver about 9 db of negative AVC. This has the effect of reducing 
the receiver audio output voltage as the airplane approaches the station. An additional 
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Fia. 16. 333-Mc Straight-line Equisignal Glide Path. (a) The lobes of elevated antennas produce 
an equisignal glide path. (6) Modulation is accomplished mechanically with coupled sections. 


4-db reduction or “‘softening’’ of sharpness is derived by beaming unmodulated carrier 
across the path near its bottom end. 

Markers. The markers used in instrument landing are, fundamentally, position- 
indicating devices similar to the Z markers discussed on p. 22-10. They will be replaced 
eventually with accurate distance-measuring devices which continuously indicate mileage 
to the runway. The present two markers are identified both aurally and visually by 
tone and keying. The outer marker (distance 4.5 miles) is modulated at 400 cps and 
keyed in long (2 per’second) dashes. The middle marker (distance 3500 ft) is modulated 
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at 1300 cps and is keyed in a series of dot-dash characters. The boundary marker, re- 
cently discontinued, was modulated at 3000 cps and was keyed in fast dots (6 per second). 
The outer and middle markers are further identified by signal lamp color, purple and am- 
ber respectively. 
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THE OMNIDIRECTIONAL RANGE (VHF). This facility is produced by radiating 
simultaneously, from the same antenna array, two signals having the same audio-frequency 
modulation but having different relative phase for different azimuthal positions around 
the array. One signal is non-directional, and since its phase is everywhere (in azimuth) 
the same it is called the “‘reference phase’’ or voltage. The second is produced by rotating 
a “‘figure-of-eight’”’ pattern. This pattern produces a modulation in the radio receiver, 
the frequency being dependent on the speed of rotation. Since its relative phase varies 
with azimuth it is called the ‘‘variable phase’”’ or voltage. Since the two frequencies gen- 
erated are equal, and a standard relation is set for north, comparison of the relative phase 
anywhere will permit determination of azimuth bearing from the station. ; : 

A five-loop transmitting array is used, and it is mounted on a tower 15 ft high with a 
circular counterpoise. Four loops are installed as diagonally opposite pairs. These are 
connected (Fig. 18) to the transmitter through a capacitance goniometer whose rotation 
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Fie. 18. The CAA VHF Omnidirectional Range System Diagram 


at 1800 rpm causes the figure-of-eight space pattern of the loops to rotate in synchronism. 
It produces a 30-cps modulation of the carrier in the receiver. i 

The center antenna is connected directly to the transmitter. : The transmitter is modu- 
lated by a 30-cps voltage derived from a tone-wheel generator: locked on the goniometer 
shaft. If the two 30-cps signals in the receiver output are in phase when the plane is north 
of the station, the phase difference in degrees elsewhere agrees directly with the degrees in 
azimuth of the receiver. ang 

Two 30-cps signals cannot be directly isolated in the transmitter or receiver, so a sub- 
carrier of 10 ke must be used for the reference signal. Further isolation is provided by 
frequency-modulating the subcarrier with the 30-cps voltage. Both the subcarrier and 
its required FM are derived from the tone-wheel pickup by using non-uniform spacing of 
teeth on the wheel. <A ‘‘clipper’’ (see Fig. 18) is used to remove modulation on the RF 
to the goniometer. 

The rotating pattern, which is sideband energy, effectively modulates the carrier about 
30 per cent. The subcarrier modulation is equivalent to 10 per cent. },The remainder of 
carrier is utilized for tone-keyed identification and voice communications. 

The receiver used is a conventional superheterodyne up to the second detector. Here a 
filter is imposed to separate the 10-ke subcarrier and the variable 30-cps modulation. The 
10-ke subcarrier is fed to a discriminator from which the reference 30-cps signal is obtained 
as illustrated in Fig. 18. 

The two 30-cps receiver output signals are connected to a wattmeter circuit. The indi- 
cating element of the wattmeter is a zero-center instrument which is used as a course 
indicator. When the phase difference between the reference and variable signals delivered 
to the circuit is 90°, the indicating instrument will be centered. This may be standardized 
as the north, or east, bearings of the station. Varying of the receiving point from this 
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bearing will cause movement of the zero-center meter. Full-scale reading is obtained in 
the system when the receiving point is displaced 10° from north. A variable phaser, 
Fig. 18, is provided to delay, or advance, the one signal before delivery to the wattmeter 
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circuit. If sufficient phase change is inserted to center the pointer of the indicating instru- 
ment, the amount of phase change inserted is proportional to the azimuth bearing. The 
phaser is calibrated 0° to 360°. This phaser setting is taken as the airplane-to-station 
bearing when the zero-center meter pointer is centered. 

Obviously, there are two positions of the 360° phaser where the indicating instrument 
will be centered. This ambiguity is indicated either by a combination of red and green 
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lights or by a smaller zero-center ambiguity meter. When signal lights are used, they are 
operated from a relay which is normally closed for correct signal and open for incorrect, 
or insufficient, signal. The relay closing is achieved by combining the two voltages in 
phase through an amplifier. Since the voltages are normally equal, reversal of one causes 
complete cancellation, the relay releases, and the red light comes on. 

The alternative method uses a wattmeter circuit similar to that in the original course 
indication; however, its variable signal is shifted 90°. It, therefore, indicates a course 90° 
displaced to the true course. The ambiguity meter indicates full scale right until the 
airplane passes over the station. At this instant it swings to the opposite side, indicating 
that the station has been passed and that the bearing is reciprocal. When the ambiguity 
meter centers, it indicates failure of one or both signals or an inoperative receiver. One 
such meter is diagrammed in Fig. 19a. 

Figure 19d illustrates an automatic ‘‘bearing indicator” for the omnirange. Its pointer 
follows up the bearing changes made by the airplane, always displaying correct bearing. 
It is a magnetic device with crossed coils connected to the respective rectified variable 
and reference phases from the receiver. Cathode-ray tube and other types of indicators 
have been developed. One system combines the omni- and the gyrosyn-magnetic com- 
pass to give the equivalent of VHF ADF. 

DISTANCE-MEASURING EQUIPMENT. The distance-measuring equipment with 
meter indication depends for its operation on the challenging of a ground “‘radar trans- 
pondor beacon” by an airborne challenger. The challenger is a radio transmitter-receiver 
which transmits a pulse-type challenge to and receives a pulse-type reply from an auto- 
matic radio receiver-transmitter known as a transpondor beacon. The time elapsed 
between transmission of the challenge and receipt of the reply is a measure of the distance 
between the challenger and the beacon. This time differénce may’ be converted to a d-c 
voltage whose magnitude is proportional to distance and can be read on a meter. 

The challenge signal consists of a ‘‘pair’ of RF pulses in the 960-990 Mc band so that a 
beacon setting must agree with two pulse characteristics before the beacon replies. These 
are the challenge frequency and the time separation (called mode) between the two pulses 
of a pair. This ‘“frequency-mode”’ combination is called a challenge channel. The reply 
channel consists of a ‘‘pair’” of RF pulses in the 1185-1215 Mc band. Challenge and reply 
channels in combination form an ‘operating channel.’”’ The beacon and the challenger 
receiver distinguish between pulses intended for them and pulses at the same frequency 
but different modes by use of a ‘‘decoder.’’ One form of decoding is to delay the first 
pulse by an amount equal to the mode and operate only if the delayed pulse is then co- 
incident with the second pulse. 

An individual plane identifies the replies to its own challenges, as distinguished from 
replies of the same beacon to the challenges of other planes, by the fact that its own replies 
occur after a fixed (or slowly changing): time (i.e., distance) after its challenge, while the 
replies to other planes occur at a random time. The airborne receiver is ‘‘gated on’’ for a 
very short time interval at a fixed time (i.e., distance) after each challenge. It is as if the 
receiver asked the question, ‘‘Is there a reply from a beacon at a distance between 20°and 
22 miles?”” The gate duration is defined as 22 minus 20 or 2 miles. In one design the gate 
is divided into two subgates called (1) the ‘“‘early gate’’ and (2) the “late gate.’’ If the 
signal occurs in the early gate, the time delay of the gate is decreased for later challenges 
(it is gated on at 19 instead of 20 miles). Likewise, if the signal occurs in the late gate, 
the time delay is increased for later challenges (it is gated on at 21 instead of 20 miles). 
This system of subgates allows automatic following of the signal. The time between the 
challenge and the ‘‘gate”’ is translated into volts by a measuring sawtooth voltage which 
defines the volt-time (i.e., volt-distance) relationship. 

While searching for a beacon, the gate is made to travel slowly over the total distance, 
advancing a fraction of its duration after each challenge. It is as if the gate asked the 
question, “Is there a reply between 20 and 22 miles?” then after the next challenge it 
asked, “Is there a reply between 20.5 and 22.5 miles?” etc. If the gate finds a high enough 
percentage of replies to challenges, the search is terminated and tracking begins; that is, 
the receiver thereafter holds the signal which has been found. 

Each beacon is identified by ‘‘gap coding’; i.e., its transmission is interrupted by a 
keyer in such a manner that the gaps form a Morse character. Failure to receive a reply 
results in lighting a lamp in the cockpit which therefore flashes the beacon’s code. 

A beacon is disabled for a short time after replying. This time is called ‘“‘beacon recovery 
time” or “‘beacon dead time.”’ While this “recovery time’’ may serve many useful purposes 
such as preventing over-interrogation, it also results in failure to reply to those challenges 
which occur while the beacon is recovering from a previous interrogation. This failure 
is called ‘‘count-down”’ and is expressed as the ratio of missed replies to the total number 
of challenges. 
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The number of aircraft signals that can be handled simultaneously by a given beacon 
is very important. The system described above, through choice of pulse dimensions and 
random rate, can handle approximately fifty airplanes per channel simultaneously (sixty 
channels are repeated in every 500 mile square). A block diagram of the airborne unit is, 
shown in Fig. 20. 

Distance can also be measured by the same principle as that employed in the radio 
altimeter, but with the aid of ground respondor stations. Continuous-wave frequency- 
modulated transmission is employed. The modulation is varied over a cycle which is, 
in duration, equal to at least the time required for travel of the signal to and from the 
most distant beacon to be measured. The frequency of the received signal at any instant 
is different from that then being emitted. The difference is a function of the time and 
therefore the distance. The meter-style indicator can be calibrated in miles. The disad- 
vantage of this CW system is that it can handle only one aircraft at a time. 
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Fie. 20. Functional Diagram of Distance-measuring Equipment (Airborne Unit) 


Audio phase comparison methods have been proposed and tried experimentally. In 
this method an audio modulation frequency is chosen whose wave period (360°) is the 
same as the time required for transmission to and from the maximum distance to be 
measured. The radio signal travels 186 miles in 1 ms. Therefore, a 1000-cps frequency 
will shift 360° in 186 miles. If the airplane and ground station are 93 miles apart, the 
round trip between them is 186 miles and the 360° shift will prevail as the maximum range 
for the 1000-cps wave. 

By sharing time through random keying of the airborne transmitters, several aircraft 
may obtain separate distance information simultaneously in the audio phase comparison 
system from the same ground station. 

AIRCRAFT EQUIPMENT (RECEIVING). Almost universally, aircraft receivers have 
been of the superheterodyne type. Tunable receivers have been used generally, with spot 
frequency for control towers (278 ke) erystal-controlled or fix-tuned. In the VHF system 
the superheterodyne principle is again being universally used. Crystal control is being 
used for most commercial applications and manual tuning for inexpensive units for itin- 
erant fliers. In the crystal-controlled receivers each of the several crystals employed will 
produce a multiplicity of receiving channels. Over two hundred channels are needed by 
aircraft on routine instrument flights, in the bands illustrated in the national plan, Fig. 11. 

Many companies have, or are installing, dual ADF receiving equipments in each air- 
plane so that automatic indication, or plotting, of aircraft position can be used. Single 
instruments with dual pointers, one for each ADF receiver, and each receiver tuned to a 
separate station, are very helpful in navigation. 

VHF receivers for navigation are equipped to serve all VHF functions required in flight. 
Two such receivers in an airplane give adequate stand-by protection. In normal use one 
is available for communication while the other is being used for navigation or landing. 

Two types of output indicating circuits are now used in each of these navigation re- 
ceivers. The amplitude comparison type (90-150 cps) will be retained only until existing 
localizers of the instrument landing systems are converted from amplitude to phase 
comparison principle. Then the phase comparison type indicating circuit will be used 
for both omni navigation and landing. 

An outstanding advancement in receivers was made during the war in the elimination 
of all receiver high-voltage power supply. Through the development and application of 
the 28-volt-type tube (28D7) a complete 330-Mc, superheterodyne, glide path receiver, 
using no vibrator or dynamotor-type supply, was produced in quantity. Twenty-eight 
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volts direct current, available in the airplane, is used as plate supply. An ADF receiver 
was developed later, also avoiding the HV supply. The reduction in noise and main- 
tenance and the saving in weight by this development are extremely important factors. 

Receiving antennas have been an important part of the VHF program. Whip or mast- 
type vertical antennas are the best for ease of installation. For lateral guidance functions, 
however, horizontal polarization has been declared superior. Suitable antennas are illus- 
trated in Fig. 21. The patterns of the U and V antennas are essentially circular, as required 
for their navigational function in range and localizer receptions. The 330-Me dipole on 
the U antenna, in Fig. 21, is used for glide path reception. It is required to have only 
forward glide path reception during the runway approach procedure. 


330 mc glide path 
110 me localizer 


(a) (b) 


Fig. 21. Receiving Antenna for the Instrument Landing System. (a) The U is for 110-Mc band 
localizers, and the dipole is for the 330-Mc glide path. (6) An experimental V antenna for non- 
directional reception of localizer or range signals. 


For navigational service, pure polarization is essential in the radiated wave. If polariza- 
tion is impure, that is, unintentionally mixed, serious attitude effects are evident in the 
indicator when the airplane is banked or turned. 

Balanced transmitting and receiving antennas are now used. 

AUTOMATIC FLIGHT AND LANDING EQUIPMENT. For automatic navigation, 
the new electric auto-pilot has become the greatest asset. With it, straight and level 
flight is made by gyroelectric control, or completely coordinated (aerodynamically) turns 
of the airplane may be made by turning a knob which simply unbalances electrical bridges 
in the auto-pilot system. If the bridge circuit is electrically connected to the output of 
the new navigation receiver (localizer or radio range) through an appropriate amplifier 
or coupling system, the auto-pilot can be made to fly the airplane accurately along the 
localizer or radio range course. Or the output of the receiver (direct current which is 
proportional to displacement from the course and whose polarity reverses when crossing 
the course) may be made to operate a steering motor right or left, to follow the course. 
The steering motor turns the auto-pilot steering potentiometer. 

The operation of one type of electrical auto-pilot, and one way in which the radio signal 
may be coupled to the auto-pilot, are shown diagrammatically in Fig. 22. 

Coupling the radio guiding signal to the auto-pilot and obtaining satisfactory perform- 
ance involves consideration of the mass and speed of the airplane, sharpness of the radio 
course, and characteristics of the auto-pilot itself. The desired performance is that giving 
asymptotic approach to the course. In the off-course position, a ‘‘displacement”’ signal 
must be applied to turn the airplane right or left as required. The displacement signal is 
obtained directly from the radio receiver and is proportional to the angular distance from 
the course. Acting alone, this displacement signal would reduce the turn of the airplane 
to zero as it crosses the course. But the airplane heading at the time of crossing may be 
at any angle to the desired course. The airplane travels to the opposite side of the course 
before a reverse signal is applied. The result of displacement signal alone would be a 
continuous oscillation of the airplane across the course as it flies toward the guiding radio 
station. 

In the coupling device, a ‘“‘rate’”’ signal must be applied—a signal whose amplitude is 
proportional to the rate of change of displacement, and whose control on the airplane 
through the auto-pilot is reverse from that of the displacement signal. With proper design 
for any particular airplane, the rate circuit reverses the turn of the airplane as it nears 
the course and causes it to follow the desired asymptotic curve. Because of the converging 
sharpness feature of radio courses, a compromise must be made in the coupling system 
characteristics. In general, however, good performance has been achieved. On the 
final approach to the airport on the localizer, the vertical pointer of the course indicator 
seldom deviates from center by more than its own width, regardless of any cross-wind 
velocity or direction. 
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Flight toward or away from the station is obtained by reversal of connections (polarity) 
between the radio receiver and coupling unit. The switch positions are marked “inbound” 
and ‘‘outbound” respectively. 

Very flexible radio range navigation is now possible through the use of computers. For 
the federal airways system these computers would operate in conjunction with the VHF 
omnidirectional range and distance-measuring equipment. With the computer, it is 


D c signals from localizer 


Cross pointer 


D-c signals from 
Sar instrument 


glide path receiver 


To similar 
coupling unit 
for throttle 
or elevator 


Vibrator 


Conversion of a-c 
signal amplitude 


into equivalent 
mechanical rotation 


Limit @2— Mechanical link 

Secrenea atecar Bank limit adj. 
rotation into 
auto-pilot signal 


400 ~ Vertical 
Auto-pilot Byro 
system 
Alleron pot. 


! 
| 
¢——Mechanical link 


Fig. 22. Auto-pilot and Radio Coupling Systems 


possible to fly a synthetic left-right indicated course in any direction, whereas the regular 
courses are defined only toward or away (radially) from the station. 

Referring to Fig. 23, S represents the omnirange station, and the course to be flown lies 
along the. non-radial line AB. The distance-measuring equipment (described above) 
produces a voltage e; which is proportional to r, the distance to the airplane. ‘This is 
applied to a selsyn primary (rotor) which is connected to the omnirange azimuth indicator. 
The sinusoidal output of the selsyn secondary winding is 


ég = ej sin 6 


because it is designed to vary sinusoidally with rotor angular displacement. Since e is 
proportional to 7, the equation may be written: 


é2 = kr sin #0 = ky 


The voltage e2 therefore is proportional to the variation in y, that is to the displacement 
of the airplane from the line AB. This displacement voltage may be balanced by a fixed 
voltage and presented on the usual left-right course indicator for manual flight, or it may 
be coupled to the auto-pilot for automatic flight along the selected line AB. 
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In setting the computer so that the constant k will be properly handled, the course line 
to be flown is decided upon and drawn on the range map. The direction and length 
of the perpendicular from the range station to this line are determined. ] The direction of 
the perpendicular is set into a calibrated clutch between the azimuth indicator and the: 
selsyn unit. The length of the perpendicular line is set up on the “lane selector switch, 
thereby providing the required fixed balancing voltage. Then the pilot’s left-right. indica— 
tor will be centered only when the airplane is on the desired flight line. 
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RADAR MONITOR FOR AIRPORT TRAFFIC CONTROL. Civilian aviation will 
require the use of radar as a monitor in airport control towers. Development of suitable 
equipments is under way. Its first use will probably be in expediting the outbound traffic 
at the congested terminals. The airport tower operator, haying accurate knowledge of 
the displacement of all inbound airplanes, through reference to the radar monitor, may 
permit the departure of airplanes that otherwise would be required to await position reports 
from the inbound airplanes. 

Three fundamental problems are evident in the application of radar to airport control 
towers. These problems are typical of all civil radar application. They were overcome 
in military use by a multiplicity of radar equipments and large operating crews. The 
problems are: (1) reliable coverage up to about 30 miles, from horizon to zenith; (2) the 
elimination of undesirable ground clutter; (3) the presentation of resulting radar informa- 
tion in a manner such that the regular tower crew can use it safely, at any instant day or 
night, without special enclosures. 

Relatively high-angle coverage has been obtained by means of antennas giving cosecant- 
squared patterns, shown in Fig. 24. When the energy is distributed in the required pat- 
tern, the maximum distance range is naturally reduced. A peak power output of about 
0.5 megawatt is required to give the 30-mile horizontal coverage with a cosecant-squared 
pattern. 

Some work has been done on the elimination of ground clutter as illustrated in Fig. 25. 
Only moving targets are permitted to appear. Development is being continued to sim- 
plify the equipment and reduce the maintenance required to keep it in perfect adjustment. 
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The presentation feature has not yet been satisfactorily solved. New, high-intensity 
cathode-ray tubes are being made available as an aid to the daylight presentation prob- 
lem. Another means of getting the radar scope picture visible in daylight is comple- 
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mentary light filters. For example, if the control tower window glass is colored blue and 
an amber filter is used over the face of the radar scope, the picture will appear the same 
asatnight. The reflections of the observer’s face can be eliminated by installing the amber 
filter at a 45° angle. 


Fria. 25. Radar 10-mile PPI Scope Pictures. (a) Heavy ground clutter from objects surrounding: ARS 
station at the Indianapolis Airport. The targets between 60° and 100° are buildings in Indianapolis, 
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Fra. 25. (0) Same as (a) except that Ground Clutter Is Removed and Four Airplanes Are Shown in 
Plan Position (Courtesy CAA) 


5. PROPOSED NEW LANDING SYSTEMS 


GROUND CONTROLLED APPROACH (GCA). At the beginning of the war, a 
talk-down system was conceived for landing airplanes in bad weather. It became known 
as GCA because it served in reverse to other systems—it controlled from the ground. 
Several sets of GCA were put in service before the end of the war. Many sensational 
landings of military airplanes were made with GCA, saving lives and valuable property. 
Its use required no new airborne equipment but depended only upon communications and 
a, cooperative pilot. 

The GCA equipment is a composite, trailer-type station with three radar systems and 
complete communications equipment. It is placed about 500 ft to the side of the runway 
and at the end opposite from that on which the landing is to be made. Air-conditioning 
and power-generating equipment are carried on the towing truck. 

Originally the GCA trailer required a crew of five operators. Four of them constantly 
watched four radar scopes, and the fifth served as final approach controller to give heading 
and rate-of-descent instructions to the pilot on the final approach. Now, however, the 
operation of landing a single airplane may be handled by one operator who shifts his 
attention from search to precision scopes as the airplane orients and approaches the run- 
way, Fig. 26. If more than one airplane is involved, more operators are required. 

The function of GCA, whether operated by one or more men, is as follows: (a) search for 
aircraft in all directions, using PPI scope presentation; (6) direct aircraft into the landing 
sector about 6 miles from the runway at 1500 ft elevation, on the basis of search radar 
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information; (c) land the airplane by giving the pilot explicit instructions constantly 
during the approach as to heading and rate of descent, on the basis of precision azimuth 
and elevation radar information. 

The search function in GCA is obtained at 10 em by an antenna rotating at 30 rpm. The 
antenna is a special reflector with two-dipole array fed by rectangular wave guide. Its 
radiation pattern is illustrated in Fig. 24. 

The precision radar system consists of one transmitter (3 cm) sharing time with two 
special antennas. One antenna is vertical and the other horizontal. Each antenna con- 
sists of a multiplicity of collinear dipoles mounted along a wave-guide section and fed from 
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Fig. 26. GCA Search and Precision Radar Equipment Arranged for One-man Operation 


small probes projecting into the wave guide. The spacing of the dipoles and phase of 
their currents create the sharp patterns required for precise direction determination. 
These patterns are aimed along the approach path and then made to oscillate rhythmically 
across the path by shifting the dipole current phases (mechanically distorting the rear of 
the wave guide through a motor-driven mechanism). 

The received precision radar echoes are displayed on offset-center PPI scopes as illus- 
trated in Fig. 26. This presentation and the narrow radiated beams permit the operator 
to obtain great precision in the observation of aircraft displacement. The vertical antenna 
gives the glide path displacement, and the horizontal antenna gives lateral displacement. 

One unique feature in the GCA, which is used in certain other radar equipments, is the 
optical system of the PPI scopes. The operator views an illuminated map through a 45° 
glass plate. The scope is directed at the glass from a position complementary to the 
position of the map below. The scope appears superimposed on the map. It is on the 
map that the correct approach line is inscribed for use by the controller in detecting devia- 
tion of the airplane. 

Three important features of GCA are: (1) No equipment is required in airplanes for 
its use other than already existing communications. All aircraft then may use it. (2) Its 
precision and straightness of path are unaffected by conditions surrounding the site, such 
as buildings, hangars, and wires. (3) The precision is not entirely in the system but partly 
in the ability of the operator to bisect the target image. (4) The identity of aircraft being 
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controlled depends largely upon the skill and attention of the operators. (5) Skill, practice, 
and experience are required in any blind approach operation. In GCA this skill is on the 
ground. 

NAVAGLIDE (Federal). The navaglide instrument landing system being developed 
by the Federal Telecommunications Laboratories is a microwave system using only one 
frequency channel. The four-directional signals of the glide path and localizer indications 
will operate on this frequency channel simultaneously through the use of a scheme of 
subcarrier modulation. The receiver of the ‘“Navar” navigation system (described below) 
may be used, ultimately, also for the landing signals. Accurate distance-measuring 
equipment will replace the markers of the present instrument landing system, permitting 
use of automatic landing equipment. 

MICROWAVE (Sperry). A complete microwave instrument landing system, operating 
at approximately 2600 Mc, has been developed and successfully operated experimentally 
for several years by the Sperry Gyroscope Company. This development, now in pro- 
duction status, overcomes objectionable siting and wave-reflection problems existing on 
systems using lower frequencies. Reasonably small radiating systems are able to con- 
centrate and confine the radiated energy to the approach sector and avoid nearby buildings, 
wires, or hangars. Reflections from these objects on other instrument landing systems 
causes course and path bends. 

The present success of the system may be attributed to the development of the klystron 
tube (2K36/416) for airborne receiver use and to the development -of crystal control for 
both the transmitting and receiving equipment. 

The complete system consists of two ground stations (localize and glide path) and one 
airborne receiver. The ground stations are identical in electrical circuits and have equiva- 
lent outputs of about 70 watts but use different radiating elements. The glide path 
radiator is a tilted vertical parabola fed by two wave guides through a mechanical modu- 
lator. The wave-guide feeds are displaced from the parabola focus in opposite directions 
and therefore produce two overlapping patterns, the plane of overlap being inclined up- 
ward at the desired approach glide angle. The patterns are amplitude modulated 600 and 
900 cycles respectively. The parabola is narrow to give wide horizontal coverage. This 
permits its being placed safely to the side of the runway. 

The localizer transmitting antenna is a paraboloid, giving a relatively concentrated 
pattern in both horizontal and vertical planes. It is equipped with a central vertical 
dividing shield to separate the two wave-guide feeds. The radiated patterns overlap in a 
vertical plane thereby forming a course for left-right guidance along the runway center 
line. The localizer is placed on the runway center line at a safe distance from the end 
opposite from that on which the airplane lands. 

The one receiver used in the airplane has a common crystal-controlled klystron tube 
oscillator serving two separate IF circuits. The filtered and rectified outputs of the two 
channels are balanced and connected to the localizer and glide path pointers respectively 
of the conventional crossed-pointer landing instrument. Two flag alarms on the instru- 
ment serve as indicators to warn against failure of the localizer or glide path signals. 

An electronic coupling device now in production is used to couple the localizer and glide 
path signals into the Sperry (A-12) electric auto-pilot for automatic approach flight. 
It works equally well on the CAA instrument landing system. 
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LANAC (Hazeltine). The word ‘‘Lanac” is derived from “‘laminar navigation and anti- 
collision.” 

This system is proposed for the 1000-Mc band and utilizes in each airplane an interroga- 
tor and areplier. The replier consists of a pulse receiver and transmitter capable of auto- 
matically replying to interrogating pulses of proper frequency and coding. The code 
key of the replier varies with altitude layers in a prescribed standard manner, through the 
use of an aneroid cell. 

The interrogator includes a pulse transmitter, coded to challenge the repliers of other 
aircraft, and a receiver to interpret the reply. Normally it interrogates on the code equiva- 
lent to its own altitude so as to provide anticollision and traffic control safety. By means 
of a switch, the interrogation code can be varied to scan the traffic in altitude layers above 
or below the level being flown. The interrogator antenna is directional and rotatable so 
that direction as well as distance and altitude of replies can be observed on the L-type (or 
possibly PPI) scope used in the system. 

Ground transpondors and ground interrogator stations are included to permit route navi- 
gation by the aircraft and ground surveillance of airways traffic overhead, obtaining posi- 
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tion of planes in three dimensions as well as identity of each plane, and affording selective 
signaling to each plane. The ground transpondors also serve as obstruction warning units. 
Ground transpondors, properly placed on the approach, aid the airplane on instrument 
approach to the airport. 

The Lanac interrogator may be employed as a radar, in special applications, by tuning 
the receiver and transmitter of the interrogator to the same frequency so that echoes will 
be shown on the interrogator’s display in the usual radar manner. In this case, of course, 
no replier is utilized. 

This radar mode of operation is used in an aircraft to supply terrain-clearance informa- 
tion when the plane is flying at an altitude of 500 ft or more. It therefore offers an im- 
portant safety feature for off-airway flying over mountainous country. The radar mode 
is used in marine anticollision service to warn against unequipped craft. Radar anticol- 
lision protection between aircraft is not feasible because of the small size of the targets and 
their extremely high relative speeds when closing on a head-on-collision course. 

The Lanac system is useful in marine navigation, and a description of this application is 
given under Marine Aids. 

TELERAN (RCA) (television radar air navigation). Teleran is a comprehensive system 
of navigation involving radar as the means of collecting air traffic information and tele- 
vision as a means of displaying the information to the pilot. Radar stations with over- 
lapping 50-mile service areas to form the airway are proposed. Respondors in every 
airplane are essential, although failures of respondors can be taken care of in the plan by 
using separate echo-type search radar equipment. The PPI picture obtained in the ground 
radar is used by air traffic control or tower operators. This same picture, with any de- 
sired obstruction, control, or weather instructions superimposed, is televised, transmitted 
to, and repeated in the airplane by television. 

The system permits both pilot and ground operator to see and appreciate the complete 
air traffic situation. The airborne transpondor units can be coded or varied automatically 
with altitude to segregate the various flight levels and to permit identification of aircraft. 
Instructions may be written out on the ground and ‘‘handed”’ to the pilot on the television 
picture. 

For landing at an airport, an airport localizer radar and GCA precision radar units are 
proposed. 

For each altitude level and for the echo-type search radar, separate television trans- 
mitting equipment and radio-frequency channels are required. The channels required 
can be greatly reduced over commercial television because a low scanning rate may 
be used. 

NAVAR (Federal) (navigational and traffic control radar). A system for traffic control 
and navigation around airports and along airways. This system provides the following 
features, which may be applied progressively to an airways system: (a) Ground radar 
surveillance in the form of PPI displays. (b) Distance and azimuth information in the 
airplane. The azimuth information is omnidirectional derived from the ground radar 
system. (c) PPI traffic presentation in the airplane, relayed from the ground station. 
(d) Selective signaling, ground to aircraft; and automatic identity and altitude response, 
aircraft to ground. 

The ground radar equipment and display is conventional except that provision is made 
to separate known (respondor-equipped) aircraft from others. The distance information 
in the airplane is obtained by a pulse interrogating system. The azimuth information in 
the airplane is obtained by measuring the time from the reception of a non-directional 
pulse radiated from the ground to the reception of the rotating search radar beam. The 
pulse and beam are synchronized for true north direction. The timing measurement in 
the airplane is made automatically. 

The airborne PPI display, called ‘‘Navascope,”’ is obtained by sending synchronized 
pulses omnidirectionally from the ground radar station. These pulses contain the in- 
formation of all aircraft in the area as revealed on the ground radar scope and are repro- 
duced in synchronism on the airborne PPI. The airborne PPI display includes positive 
identification of observer’s own airplane and self-centered altitude layer presentation. 

Selective signaling of aircraft is obtained by directing a sharp “‘challenging” beam in 
the direction of the airplane on which a check-up is desired. The aircraft respondor 
beacon circuit is to contain a double-pulse gate. The gate is tied in with the aircraft 
distance indicator, so that it varies with distance. The interrogating pulses, beamed from 
the ground, are spaced automatically as the operator selects the distance range of the 
target he wishes to challenge. Thus the challeng wed down to distance and 
direction. 

The complete system proposes one air 
not include communications equipment 


eceivers. This does 
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MICROWAVE OMNIDIRECTIONAL RADIO RANGE (Sperry). <A radio range 
operating on the same general principles as described for the CAA VHF omnidirectional 
range, but in the microwave frequencies (2600 Mc), has been developed by the Sperry 
Gyroscope Company. Like the CAA system, it utilizes the comparison of phase between 
two audio waves in the airplane to determine the azimuth bearing to the station. In 
the microwave system, however, the antenna of the ground station is so small that it 
can be rotated at 1800 rpm, thereby avoiding the use of a capacity goniometer and avoid- 
jing antenna phasing problems. 

In this system, as in the Sperry microwave instrument landing system, the cw signal 
to be radiated is generated by a crystal-controlled klystron tube. A synchronous 1800-rpm 
motor drives a small alternator, the output of which frequency-modulates a 70-ke sub- 
carrier. The subcarrier, as in the CAA system, amplitude-modulates the microwave 
carrier. The modulated carrier is conducted to an antenna system consisting of a vertical 
stack of three small loop antennas. The stack gives vertical directivity for maximum 
horizontal coverage. The modulated carrier radiation produces the reference audio 
voltage in the airborne receiver. Its relative phase is the same in all azimuthal directions. 

The vertical stack of antennas also has a directive pattern in the horizontal plane. This 
horizontal pattern is essentially sinusoidal. By rotating the pattern with the same motor 
as used above, another audio voltage is generated in the receiver. This voltave wave, 
with respect to the former reference voltage wave, has a phase that varies with position 
around the station. For the full 360° around the station there is a complete cycle or 360° 
phase variation in the wave. This is called the variable signal. By comparing the phase 
between this variable and the former reference signal the bearing from the station can be 
determined. 

The phases may be compared in the same manner as in the case of the CAA range, or 
the phase detector may be used to control the operation of a motor which turns a map in 
accordance with movement of the airplane around the station. 

The proposal for the complete system includes the addition of distance-measuring signals. 
and communications through the single ground station transmitter and antenna. 

The greatest advantage in the use of the proposed system is the elimination of the 
goniometer through the rotation of the antenna system. Reduction in the amplitude of 
course bends due to siting (reflections from buildings, trees, etc.) are evident. 

AEROTRONICS (Raytheon). The Aerotronics system is a proposal based on radar 
technique and uses PPI scope presentation in the airplane and on the ground. It includes 
(1) airborne radar, (2) ground beacons (transponders), (3) ground radar, (4) airborne 
transponders, and (5) distance-measuring equipment. With this equipment, navigation, 
collision prevention, airways traffic control, approach, and landing are to be taken care of 
without other aids. 

The airborne equipment includes a rotating antenna for radar search, an omnidirec-. 
tional antenna for communications, and an antenna for distance measuring. The ground 
radar includes both azimuth and elevation search. This is for traffic surveillance and 
control. Ground beacons (transpondors) would be used for route navigation. 

The distance-measuring equipment proposed operates on the principle of the optical 
interferometer. It operates a counter at the ground traffic control station where distance 
to the airplane may be observed with great accuracy. 

MULTIPLE TRACK RADAR RANGE (Australian). A multiple track radar range: 
(MTR) has been developed and successfully demonstrated by the Council for Scientific 
and Industrial Research of Australia at Sydney. This range produces visually indicated 
(left-right), positively identified flight tracks, based on the time of arrival of pulses from 
two spaced ground stations. VHF (212 Mc) is employed, which results in line-of-sight. 
distance coverage. The tracks are hyperbolic in shape, but essentially straight beyond 
20 miles. The tracks or courses are flyable to within about +1°. 

The MTR system is fundamentally the same as GEE, a British development used 
extensively in the invasion of Europe, except for type of presentation. GEE is a hyperbolic 
system similar to Loran except for its frequency. Two stations only are used in the MTR. 
system, one a master, sending a series of equally spaced pulses (5000 pps in this case) of 
peak power about 10 kw. The second, a slave station, is equal to the master, but spaced 
about 8 miles distant and normally inoperative. The slave station receives the pulses 
from the master and rebroadcasts them with a suitable fixed time delay. For any position 
around the pair of stations, the pulses are received in a specific time relationship. The 
contours of equal time differences are hyperbolas passing between the stations and are 
used as tracks or courses. nal, vertically polarized antennas are used. 

In the airborne equi ignals are compared in an automatic circuit 
similar basically to tk “ng equipment described before. Standard 
time differences ch a calibrated switch dial and numbered 
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(track numbers 1 to 30). When a given track is selected, a left-right indicator signals the 
pilot any deviation from that track. 

The master and slave stations are separated in the receiver by permitting the master 
(only) to transmit double pulses. MTR equipments at adjacent places are identified by a 
selected difference in repetition rate. 

Distance-measuring equipment, of the interrogator-respondor type, is proposed for use 
with the MTR system. 
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CAA LOW-FREQUENCY OMNIDIRECTIONAL RANGE. The low-frequency omni- 
directional range operates like the VHF omnidirectional range, i.e., in the comparison of 
the phase of two audio signals. In early tests of this range, two individual, basic, carrier 
frequencies were used—one at 172 and one at 194 ke. 

The low-frequency omnirange consists of the conventional five-tower Adcock antenna 
array, one tower at each corner of a square and the fifth tower in the center. The ref- 
erence signal, 172-ke carrier, modulated with 30 cps, is fed into the center tower only and 

“is, therefore, radiated non-directionally. The other signal (194 ke) is fed to the corner 
towers through an inductive goniometer which is mechanically rotated at 1800 rpm. The 
rotation of the goniometer spins the figure-of-eight pattern of the corner towers, producing 
the variable phase signal in the aircraft receiver. When compared to the phase of the 
reference signal in a wattmeter circuit, it can be made to indicate azimuth. 

Tests are being conducted using a single low frequency and a subcarrier of 1000 eps. 
The 30-cps reference is applied to this subcarrier by frequency modulation, as in the case 
of the VHF. 

The wattmeter indicating circuits are the same as those used with the CAA VHF omni- 
receiver. 

Night effect represents a serious problem for radio ranges. The lower the frequency 
employed, the greater is the ground wave signal strength and the more stable will be the 
operation of the system. Night effect is minimized by curtailing the amount of unwanted 
vertical radiation. The fact that the signal arrives via ground or sky does not, in itself, 
introduce an error in the omni system since the indication does not depend upon the length 
of the path. The development may result in much more freedom from night-effect errors 
and swinging than in an automatic direction finding system employing a loop and operating 
on the same frequency. 

SONNE (Consul). This is a German aural CW system used against the Allies during 
the war and capable of great accuracy over long distances and useful in both air and 
marine service. For its description, refer to Marine Aids, article 10. 

LORAN (long-range air navigation). Excellent results are being obtained in the ex- 
tensive use of Loran in transoceanic flights. For a description of this system, refer to 
Marine Aids, article 10. 

NAVAGLOBE (Federal). This is a CW system using very low frequencies for long- 
range navigation over oceans and continents. The receiver proposed has a narrow-band, 
noise-rejecting feature and ADF facilities. The ground station consists of three antennas 
spaced in the corners of an equilateral triangle, and a transmitter which is connected in 
succession to the three antenna pairs each second. Three dumbbell-shaped patterns, 
displaced in bearing by 120° from each other, are radiated successively. Relative ampli- 
tudes of the three successive signals received during each cycle are measured automatically 
by a ratiometer, permitting direct visual indication of bearing at all azimuths from the 
station. For other directions between courses, measurement of ratio in a ratiometer in 
the receiver permits determination of relative bearing with respect to the antenna array. 


8. MISCELLANEOUS RADIO AIDS 


VERTICAL SEPARATION INDICATOR. The Stratoscope is an instrument con- 
ceived to provide visual indication in an airplane and on a ground monitor of the vertical 
separation between airplanes (or other obstacles) within a minimum service area of 10 
miles distance and 1000 ft elevation. 

Basically, the Stratoscope operates by converting aircraft height into frequency and 
then utilizing panoramic reception to display received signals along a CRT time base 
calibrated in relative vertical height. The airplane equipment includes a transmitter 
and a receiver-indicator unit. The ground monitor needs only a receiver-indicator 


unit. 
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Conversion of height into frequency is accomplished by means of a precision aneroid 
cell which operates a variable tuning condenser in a coaxial line oscillator. The oscillator 
frequency changes 5 Mc in 10,000 ft. This change is accomplished in the frequency band 
of 148-154 Me. The height of the transmitter in relative pressure altitude may therefore 
be determined by measurement of transmitter frequency. 

Interference from the plane’s own transmitter is avoided by sharing time between the 
transmitter and receiver at an alternation rate of 30 cps. By coding the transmission, 
some identity of the airplane can be provided in the receiving indicators. 

In tests of this equipment an accuracy of 200 ft was observed. The required 10- or 20- 
mile distance range can be covered with about 5 watts (transmitter power output). 

ABSOLUTE ALTIMETERS. Absolute altimeters have little utility in navigation over 
land because of the rapid variation in indication in rough territory, but they do have 
utility in navigation over water, which is flat, as a means of maintaining constant height 
above the surface. Variations then in the pressure altimeter indicate flight toward or 
away from atmospheric-pressure areas. Flights directed laterally so as to give constant- 
pressure altimeter reading (for constant absolute altitude) avoid storm areas over the 
oceans. 

Many absolute altimeters have been invented over a period of twenty years, including 
sonic, capacity, frequency modulation, and radio-pulse types. A reference is given for 
detailed information as space permits only summary remarks here. 

One absolute altimeter, called a “‘terrain clearance indicator,’’ was developed for com- 
mercial use just before the war. It operates on the FM principle at about 432 Mc. The 
transmitter continuously radiates its energy downward from a doublet antenna. The 
frequency is varied from 410 to 445 Mc sixty times per second. The receiver takes in the 
energy reflected back from the ground and also some of the original transmitted energy. 
The receiver output, which may be considered a beat between the two signals, has a 
frequency depending upon and increasing with altitude. 

The FM type absolute altimeter is capable of operating down essentially to zero altitude. 
It has greatest accuracy at lowest altitude but is subject to possible serious errors from 
adjustment and noise which prevent its immediate use on instrument landing. 

The radiopulse altimeter developed during the war for high-altitude bombing uses a 
cathode-ray tube as a means of displaying time between transmitted pulse and echo. The 
display is calibrated in feet of altitude and arranged circularly around the tube face. 
Essentially it is a radar distance indicator with its antenna fixed in a position under the 
airplane. The pulse type altimeter is extremely accurate at high altitude but, at present, 
useless at altitudes below several hundred feet. Future development may bring about 
reduction in this minimum altitude. 
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RADIO AIDS TO MARINE NAVIGATION 


By M. K. Goldstein 


Table 1 shows an extensive summary and classification of established, recently intro- 
duced, contemplated, and proposed electronic aids to marine navigation. It will be 
noticed that the systems are classified in groups dealing with radio types, sonic and super- 
sonic types, and red and infrared types. Also the various systems are analyzed for essen- 
tial characteristics falling into the following grouped categories: Type of system (including 
basic principle and position information supplied) ; performance of system (including range, 
accuracy, ambiguities, operating frequency, and band width; system requirements (in- 
cluding required ship and shore equipments) ; and the system usability (including engineer- 
ing status and reliability factors). Details concerning each of the specific systems classified 
are discussed in the following articles in this section. 
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relay 


Table 1. Summary and Classification of Established, Recently 
Type Performance 
System Principle Basic | Mesnard 4 » | Ambigu- | Frequency 
Geuplaysitj oa) Gee eaeH MCN nang neat ities (Me/s) 
RADIO 
.B 
e “adiobescon ] Azimuth Short, med. yo None 0.285-0.315 3 
shore) 
; i i 2 0.30-0.55 
b. Se eae ' Non-directional Azimuth Medium <2 None 
C. ee marker sat sroae and] } Avimuth Optical Devel’pm’t’l | None 3,5, & 10 cm. 
aeheponter Fevepiaon R &az. fix | Optical 42%, +3° |None | 3,5, & 10cm. 
(Racon) ° 
e. Reflector (Racon). R & az. fix | Optical +2%, +2 None 3,5, & 10 cm. 
f. Rotating ee Dir. trans. & non-} Azimuth Medium 1.7°-2.3° Multiple 4 | 0.20-0.5 
(Consol.) dir. reception 
B Peon finding—ship 
op): 
a. ‘ME_Aural nul Azimuth <72 None 0.3-3.0 
(Standard) t 
b. MF_Null ne | ee <i None 0.2-1.75 
(SCR. 269) Tt Normal 
C. MF-Instantancous Directional Azimuth communi- <2 None 0.25-1.5 
(DAK) + reception of any eat 
d. ae ee plot transmission Az. fix range <2 None 0.1-1.6 
(Bendix) 
e. HF—Instantane- Azimuth 5°-10° None 1.5-21 
ous ( ; 
DAU) t+ J L 
. Direction finding—shore: t ; phe 
‘as Saee 71 Azimuth e ; 1°-2' None 0.25-1.5 
orma 
b. HF—Adcock — eommuni- |; 3°-4° None 1.5-30 
(DAJ,SCR-291) ary ees cation 
C. Bea loop bee neee anil Azimuth range 3°-4° None 2.0-18 
d. VHF—Adeock OE erie rat Arimuth Optical 3°-5° None 100-160 
(DBF) 
e. UHF—Reflector Azimuth Optical 3°-5° None 90-5000 
(DBM) J L 
r: 
AGOUID woes Echo ranging R & az. fix | Optical +2%, +2° None 3, 5, & 10 cm. 
bShoreus.seasceee ot Echo ranging Traffic Optical +2%, +2° None 3, 5, & 10 cm. 
. Propagation timedifference: 
a. Loran (standard). } Hyp L of P7| Long 0.5% None 8 1.7-2.0 
b. Loran (SS) 10..... PTD 6—synch, Hyp Lof P | Long 0.5%-1.0% None & 18 | |.7-2.0 
Gploran (LE) Stage ee ueed eae Hyp LofP | Long <1.0% Nones | 0.18 
Geert nee Hyp fix Optical <0.8% None 8 20-85 
CE IDR ENS 4 vonnsadne PPD 13—Synch. Hyp fix Medium 0.02% 14 Multiple 5] 0.01—0.2 
fe POP gonrsenik. a onente Hyp LofP | Long Devel’pm’t’l_ | None 0.75 
. Interrogator-respondor: 
Bi MONOERTI Che svat sie Dual beacon Range fix Optical +50 ft Few 16 210-320 
ranging 
b. Lanac—ship........ Single beacon R & az. fix | Optical 42%, +2° None 1000 
ranging 
c. Lanac—shore Single beacon Traffic Optical 12%, +2° None 1000 
ranging 
. Composite data relay: 
auleleranmnasesciasne Instant. datarelay| Gen. nav. Onticn le Bra con ona aecn teal fe ee pee Telv. Ch’n’l 
balacsimilesuner seer Recording data Gen. nay. Medium Facs’m’le 


Ch’n’] 
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Introduced, Contemplated, and Proposed Aids to Marine Navigation 


Appraisal Factors * 


Performance Requirements 
E Minimum Equipment for Basic 
Signal Information Supplied Engineering 
Band Width Status 
Ship Shore 
2=CW DF receiver Coded beacon Proven 
=CW DF receiver Coded beacon Proven 
3-5 Me Special radar Beacon Under develop- 
ment 
3-5 Me Special radar Respondor beacon} Proven 
3-5 Mc Radar system Reflector Proven 
<I ke Receiver 1 station Under trials 5 
=CW Standard DF 7 ( Proven 
2=CW Special DF Proven 
=>CWw Special DF CW or other Proven 
transmitter 
=CW 2 ADF’S & computer Under de- 
velopment 
=CW Special DF Proven 
=CW MF transmitter Special DF Proven 
=CW HF transmitter Special DF Proven 
2=CW HF transmitter Special DF Proven 
=CW VHF transmitter Special DF Proven 
=CW UHF transmitter Special DF Proven 
3-5 Me Radar system None Proven 
3-5 Me Comm. receiver Radar, comm, Under trials 
transmitter 
50-70 ke 9 2 stations Proven 
9 : : 
50-70 ke Specialireceiverand indis 2 stations Under trials 
10 ke cator 2 stations Under trials 
1 Mc 2 3 stations Proven ® 
3 CW freq’s. | Special receiver 3 stations Under trials 20 
<Ike Revr. & Spe’l ind. 1 station Under develop- 
ment > 
3-5 Mc 2 respondor Proven 17 
. , beacons 
3-5 Me Special trans. & receiver | Respondor Under trials 
beacon f 
3-5 Mc Respondor beacon, Spe’l. trans. & Under trials 
comm. receiver revr., comm. 
trans. 
3-5 Mc Television receiver Television Under develop- 
transmitter ment 
1-10 ke Facsimile receiver Facsimile Proven 
transmitter 


General Remarks 


Inaccurate and unreliable beyond predom- 
inant ground wave range. 
Combination  radiobeacon, 
weather station. 

Identified by reference to natural target 
echoes. 

Identification obtained by coded transmis- 


rescue ship, 


sion. 

Special target for increased echo reflection. 

Minimum range—25 mi; accuracy deteri- 
orates at night beyond predominant 
ground wave range. 


2a to 2e inclusive—unreliable beyond pre- 
dominant ground wave range due to sus- 
ceptibility to polarization error. 

Note to 2d: Fix obtained by simultaneous 
cross-bearing plot on map. 


3a to 3e inclusive—designated models have 
low susceptibility to polarization errors 
beyond ground wave ranges. Indicated 
accuracies generally realized up to maxi- 
mum sky wave range. 


Valuable anti-collision and _ short-range 
naval device. 


Suitable for traffic control in congested areas. 


Day range, 750 mi; night range, 1400 mi 
(over sea water). 

Night use only; utilizes base line of approx. 
100 mi. 

Greater ground wave range and more stable 
propagation over 5a. 

Simultaneous fix from 2 hyperbolic lines of 
position. 

Limited as I(a) above owing to ionospheric 
phase shifts. 

Same as 5e; awaits satisfactory phase meas- 
urement between sequentially received 
signals. 


Bombing and mapping aid; may have marine 


use. 
Optional operation: radar beacon or radar 
system. 
Traffic control utilizing shipboard trans- 
ponders. 


Air traffic control system; also feasible for 
marine use. 

Permanent recording of any general infor- 
mation, data, etc. 
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Table 1. Summary and Classification of Established, Recently Introduced, 


Type Performance 
System Principl Basic, Maximum 1 2 Ambigu- Frequency 
De f t Accuracy 2 sys 
Employed See Range ities (Ke/s) 
 seNSNR 
SUPE Z 
8. Underwater beacon....... Non-dir. trans. & | Azimuth V short <i None 0.8-30 
dir. reception : . : res 
9. Direction finding.........| Dir. reception of | Azimuth V short +1 None 0. 
any transmission 
10. Sonar: 
a. General echo ranging| Gen. echo ranging| R & az. fix V short <1%, <1 None 15-30 
b. Echo sounding...... Vert. echoranging | Depth V short <1% None 0.8-30 
N1Sofar' feta 2982 PTD &—Explosion| Position fix | V long <5 mi None 0.05-1.0 
& multiple timed 
reception 
RED AND Microns 19 
INFRARED : . ——————__—_ 
12° Beacon SR. Rs 5 Non-dir. trans. & | Azimuth V short <i None Far Infrared 
dir. reception F (0.7-13) 
13. Direction finding......... Dir. reception of | Azimuth V short <i None , Far Infrared 
any transmission (0.7-13) 
14,> Redaraemexaontiactens use Optical echo R & az fix U short Proposed None Near Infrared 
ranging (0.3-1.5) 
* Based on data available up to late 1949. 2 Representative accuracies obtained in practice. 
¢ Used entirely or in part for distress service. 3 Frequencies in current U, S. use. 
LUltra-shorts, see: cee ae 0-1 nautical miles . Resolved by dead reckoning or DF. 
Very shortsncarenrscc ee 1-10 nautical miles ‘ British only. | : 
Short Aotiess ete vee okoe 10-150 nautical miles 7 Propagation time difference. 
Medium! Ones: 150-500 nautical miles 7 Hyperbolic line of position. | Ey. a 
Tong. cere ers re se oe 500-1500 nautical miles Two easily resolved ambiguities can exist in fix obtained. | 
Very longs) mcaueescied Scie over 1500 nautical miles 9 Provisions are made for 16 different channels on the same 


carrier frequency by utilizing different pulse repetition rates. 


9. ESTABLISHED NAVIGATIONAL AIDS 


RADIOBEACON. SYSTEMS (MF) (See references 2 and 3.) The non-directional 
medium-frequency (MF) radiobeacon system, maintained by the Coast Guard in the 
United States and by similar organizations in foreign countries throughout the world, is 
the most extensively used radio navigational aid today. The system consists of fixed 
radiobeacon stations located at lighthouses, lightships, and other points, which transmit 
distinctive identifying coded tone signals, enabling navigators at sea to take bearings on 
them by means of medium-frequency loop direction finders. Bearings obtained from two 
or more such beacon stations,.in conjunction with charts of the geographical locations of 
the radiobeacons, uniquely establish the ship’s position. A single radio direction-finding 
(DF) bearing crossed with a line of position of a heavenly body, two bearings on the same 
station and the distance run between bearings, or a bearing and a synchronized air or 
submarine fog signal also suffice to determine the position of the vessel. In the last case, 
blasts from the sound signal are synchronized with the radiobeacon signals and the differ- 
ence in time of reception of these two signals can be converted into an approximate station 
distance. Owing to the many factors which enter into the transmission and reception of 
radio signals, a ship cannot estimate its distance accurately from a radiobeacon either by 
the strength of the signal received or by the time at which the signals were first heard. 
However, a line of direction obtained from a single radio bearing enables a ship to proceed 
toward the radio station by the shortest course. This is especially applicable to a rescue 
ship, enabling it to head directly toward the ship in distress and thereby arrive in the 
minimum of time. Such radio bearings are usually accurate to within 2° or less, depending 
upon the equipment and the operator’s skill. DF calibration transmissions are available 
from radiobeacons upon request, continuous signals being transmitted while the ship’s 
direction finder is being calibrated. The simplicity and reliability of the radiobeacon 
indicate that such systems will continue to exist as a navigational aid for many years. 

The present MF radiobeacon system in the United States (see Fig. 1 for East Coast 
and Gulf) consists of approximately 200 radiobeacons, each radiobeacon operating on 
one of the even frequencies in the 285-315 kc/s band. The European system frequency 
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Contemplated, and Proposed Aids to Marine Navigation—Continued 


Performance Requirements Appraisal Factors * 
nee Seer paver for Basic 
igna, i i 
Bano ne nformation Supplied Hagincer ine GencraliRemearks 
Ship Shore 
=CW Sonic DF Sonic beacon Proven Usefulness limited by certain underwater 
, d phenomena; see 10(a). 
=Cw Sonic DF Any sonic Proven Bearing on any received underwater sound 
transmission transmission; see 8. 
1-4 ke : ; None Proven Accuracy subject to underwater refraction 
Special transmitter and and propagation. 
1-4 ke receiver None Proven Depth finding by reflected sound transmis- 
sions. 
<1000 cyc Special explosive charge Special receiver Under trials Proposed distress aid using natural under- 
stations water sound channel. 
Microns 
Approx. 13 Infrared DF Infrared beacon Proven Same range as visual light under fog condi- 
tions. 
Approx. 13 Infrared DF Any infrared Proven Same range as visual light under fog condi- 
: — transmission tions. 
1.2 Special transmission and} None Proposed Same range as visual light under fog condi- 
receiver tions. 


10 Intended to increase nighttime accuracy over Standard 
Loran; however, comparable accuracy has not yet been prac- 


tically achieved 


11 Intended for increased daytime range over Standard 
Loran; however, comparable accuracy has not yet been fully 


Tealized. 


12 Tf necessary, different pulse repetition rates will permit 
multistation operation on same carrier frequency. 


15 Resolution awaits satisfactory system of “lane” identi- 


fication. 


16 Solved by general knowledge of position. 


17 Air only. 


18 Four-station operation also provided to give increased 
accuracy and to remove ambiguities. 

19 The thousandth part of 1 mm. 

20 A British Isle Decca facility is in 24-hr operation with 


13 Propagation phase difference. performance results indicating a proven system. 


14 For medium range. 


band is 290-320 ke/s. Distinctive signals, by which the different stations are positively 
identified, are obtained by keying a tone-modulated carrier to give simple dot-dash com- 
binations at the rate of thirty characters per minute. Because of the great number of 
stations and the restricted frequency band, it has been found necessary to share time 
between stations on the same radio frequency by transmitting signals from any one radio- 
beacon for 1 minute followed by 2 minutes of silence. This allows two adjacent stations 
to transmit similar signals on the same frequency without causing interference simply 
by timing the transmissions to occur during successive minutes. Two-tone modulation is 
used on some stations in congested traffic areas to add distinctiveness to the identifying 
signal. During clear weather the radiobeacons follow such cycles of transmission for one 
or two 10-minute periods of the hour. AII six 10-minute periods are utilized during condi- 
tions of fog. The beacons are carefully timed and remotely monitored. 

Radiobeacons are grouped into four classifications, according to their power output and 


maximum effective ranges: 


Class rA cry aereoiekcrecs 750 watts—200 miles 
ClasstB ea. eens 150 watts—100 miles 
Classi Cer esse 25 watts— 20 miles 


5 watts— 10 miles 


A few special high-power beacons having ranges of 400 miles have also been put into opera- 
tion. Class A and B stations require identical equipment with the exception of the 750- 
watt power amplifier used with the A stations. The transmitter, which is coupled directly 
to the antenna for the B station, is used as an exciter for the power amplifier of the A sta- _ 
tion. Both types of radiobeacons often use 125-ft insulated self-supporting towers as 
non-directional antennas, with provision for location up to several hundred feet from the 
transmitter house when local conditions make such an installation preferable. Sometimes 
an insulated guyed antenna, approximately 40 ft high, is placed on top of a light tower 
above the lantern. Lightships use vertical or symmetrical T antennas. Inverted L-type 
antennas are not used because of the undesired directivity and the horizontally polarized 
field components. The frequency of the A and B stations can be quickly changed to any 
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one of four pre-set frequencies which are usually crystal-controlled. Class C radiobeacons 
are used for short-range navigation. The equipment is very similar to that of a class A 
station except for the much lower power and the reduction in size of equipment. Owing 


For CANADIAN RADIOBEACONS 
see CANADIAN LISTS, etc. 


(CAN.) 308 [2] 
3 Gps. emo? 1D 
TI KALFWAY ROCK 312 (3-6) D1 SEAL 1D. (CAN.) 308 [2-5] 
Vbpx oo 8 8 20 


Orsi 0228 


pe OF I POLLOCK RiP LS. 314 [2-5] 
—eo— 


> z TI NANTUCKET LS. 314 [2-5] (WARNING BEACON) 
Di fine 0. 206 (3- = ee 


T AMBROSE LS. 286 (3-6) 
‘Sraup 125 see dasha occ, 


Re vats sess BESS 
TI SCOTLAND LS. 294 [3] 


TL BARNEGAT LS. 286 [3-6] 


THI FIVE-FATHOM LS. 298 [1-4] 


<2 PHILADELPHIA DIST. 


OFFICE -. 210 WEST WASHINGTON SQUARE, 
T OVERFALLS LS. 206 [1-4] 2A EST ASC, 


$ TL WINTER-QUARTER Us. 298 (1-4) 


+, CHESAPEAKE LS. 312 [1-4 


10 minute periods of each hour 
See OPERATING SCHEDULE in EXPLANATION. 


s . L FRYING PAN LS. 294 (2-5) 
1 GEORGETOWN 302 [2-5] 
come 


EXPLANATION 


RELIABLE AVERAGE RANGE:- Class D, 10 Miles 


TIT CHARLESTON (FT. SUMTER) 234 (2-5) —_—— Cass A, 200 Miles o4 & O-— distance Finding Stetions. 
@ ETc, 


6 ———— Class B, 100 Miles. ———— High and Low Tones. 


1 SAVANNAH LS. 294 [2-5] 
oo— << 


O —— Sits €, 20 Miles. LS. Lightship. 


FREQUENCY is given in kilocycles after name of station. 
OPERATING SEQUENCE:- 


UNITED STATES and CANADIAN radiobeacons are assigned group fre- 
quencies and definite operating minutes. The sequence within a group is 
indicated by a Roman numeral before the name, thusIL Stations with the 
same sequence numerals transmit on the same minute. 


> 1 ST_ZOWMS LS. 308 (3-6) 


TL PONCE DE LEON 290 (3-6) 
emmoe 


CHARACTERISTIC is shown below station name. UNITED STATES and 
CANADIAN radiobeacons send signal for 60 seconds, with 120 seconds silent. 


OPERATING SCHEDULE:- 


All radiobeacons operate during fog or low visibility and during one or two 
10 minute periods out of each hour in clear weather, (except stations at 


TIT CAPE CANAVERAL 306 [3-6] 
—omee 


TLJUPITER INLET 308 [3-6] 
——<— —— 


b I HILLSBORO INLET 298 (3-6) 


4q 
Lf I FOWEY ROCKS 286 (1-4) 
meee 


MIAMI DIST 
OFFICE DUPONT BLOG. 
MIAMI 30. FLA 


Fria, 1. 


PANAMA CANAL APPROACHES which operate on scheduled periods only and 
Cape Henry which operates continuously in assigned sequence, 1 minute oa, 
2 minutes off, 24 hours daily. 


The scheduled 10 minute periods of each hour of clear weather operation 
are given in brackets after the name of the station, thus [1-4] [2-5] etc. 
(See clock face diagram). The last minute of each clear weather 10 minute 
period is silent. 


DISTANCE FINDING STATIONS:- 
At the stations marked or 
signal are synchronized for ™ distance finding. 


the radiobeacon and sound 


Washington, D.C.,Mar. 1, 1946 


Typical Radiobeacon Navigational Chart, Published by U. 8. Coast Guard 


to the necessity of making the signals from these short-range stations especially distinctive 
in areas of considerable marine traffic, the modulating audio frequency is variable in four 


steps. 


The timer cams can be set to give a single tone or any combination of tones. Class 


D marker radiobeacons are small automatic battery-operated transmitters located on 
pierheads, buoys, ends of jetties, etc., which serve as local markers to indicate channel 
entrances, turning points, etc., where careful approach is required. They are not syn- 
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chronized with other radiobeacons but operate continuously in all types of weather, 
sending out a characteristic of several dashes during each 30-sec period. The transmitter 
frequency is crystal-controlled and has a modulation frequency of 1000 cycles per second. 
A 15-ft welded Monel tripod mast is normally used as the antenna. Special warning 
transmitters are located at some radiobeacons; each transmitter operates on the same 
frequency as the beacon and gives a distinctive signal to warn a navigator who is homing 
into the station that he is approaching dangerously close. The usable range of these 
warning beacons is, therefore, intentionally reduced to provide warning over only a small 
but sufficient area surrounding the long-range beacon. 

At present the characteristics of some of these stations are being changed to provide 
satisfactory operation with automatic direction finders. Instead of both the carrier and 
modulation being interrupted during the keying process, only the modulation will be 
interrupted. In addition, many of the stations will transmit throughout the hour under 
all weather conditions rather than just during one or two 10-minute periods. 

The well-established aerobeacon system used for air navigation is also used for marine 
purposes and is discussed in the first part of this section. 

DIRECTION-FINDING SYSTEMS. (See references 4, 5, and 6.) The use of shipboard 
medium-frequency radio direction finding has continued to grow as a navigation aid since 
the early days of radio broadcasting. By use of the shipboard direction finder, practically 
every transmitting station within the frequency band and range of the radio direction 
finder is a potential point for a navigational reference line of position. Shipboard direction 
finding also plays an important role in directly guiding vessels to other vessels in distress. 
As an additional aid to navigation in time of distress, medium-frequency direction-finding 
stations located along the coasts and on the Great Lakes are available to mariners who 
transmit signals on the international distress frequency of 500 ke/s. Various other fre- 
quencies are available for distress and emergency purposes, depending on the range from 
land or the location of the vessel. For example, 8280 kc/s is used for United States long- 
range contact and 2182 kc/s is used on the Great Lakes. 

While the most widely used shipboard direction finder is of the loop aural-null type, 
other types are available (see Section 6, article 32). 

Environmental Effects. (See reference 5.) The term ‘‘environmental effects’’ is used to 
describe all local physical conditions which cause DF bearing errors aboard ship and at 
shore stations. Such conditions normally involve metallic structures near the DF antenna 
and their radiation fields, induction fields, or shielding effects. For frequencies below 1000 
ke/s, shipboard environmental effects can be sufficiently well controlled or compensated 
(further details are given by C. T. Solt, Proc. J.R.E., Vol. 20, p. 228, February 1932) so 
that direction finders in this band give highly satisfactory performance on ground-wave 
transmissions; i.e., the resultant calibration curve is fairly symmetrical and does not 
exceed a few degrees maximum deviation. Arriving signals of certain frequencies cause 
partial or complete resonances in, and consequent reradiation and induction fields from, 
nearby metallic structures. These fields generally impart 90° phase components (called 
quadrature effects) to the arriving wave fronts, altering their apparent arrival direction 
by amounts depending on the positions and sizes of the resonating structures. These 
changes in direction result in deviations of the observed bearing from the true bearing. 
Deviation, then, is defined as the quantity that ‘‘must be added algebraically to the 
observed bearing in order to make it equal the correct bearing’’; the deviation, however, 
does not affect the resolving power (angular sensitivity) of the DF. The quadrature 
effect, on the other hand, causes an elliptical polarization condition of the H or H fields, 
or both, which generally results in failure of the antenna to find a sharp null coupling posi- 
tion to these fields, thus adversely affecting the resolution of the DF. Figure 2(a) shows 
the maximum deviation that may be expected due to induced currents at frequencies at 
which the structure may be resonant (worst case). For frequencies off resonance and 
f< 0.5 the shapes of the curves of Fig. 2(a) are maintained, but the magnitude of the devia- 
tion is reduced approximately as follows: 
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where e is the voltage induced in the structure at frequency, f; r, z, L, C, and Q are the 
electrical constants of the structures; Dres, is the maximum deviation at the resonant 
frequency fo; and D is the maximum deviation at any frequency. The resonant frequency, 
fo, of structures may be determined from Fig. 2(b), to which some corrections should be 
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Fie. 2(a). Bearing Deviations Due to Presence of a Reradiator 


Notes. 1. D (Worst Possible Deviation) is directly dependent upon the lateral and vertical spacings 
from the reradiator. 2. A resonant reradiator of Q = 20 has been assumed. 3. For other Q’s and 
non-resonant conditions, see text. 4. Curves show reradiator spacings to maintain constant D or F, 
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Fria. 2(b). Fundamental and Harmonic Resonant Frequencies of Conductors of Physical Heights H 
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added for end effects and top loading as shown in Fig. 2(c). The range of Q’s is approxi- 
mately as follows: 


Wide-width reradiators (superstructures)...........-.. 1.5- 2 
Medium-width reradiators (funnels)..............-+5+ 2-3 
Narrow-width reradiators (masts)........-..+.e+eeee 5 -10 
Very thin reradiators (guy wires, antennas)........... 10 -20 


It can be seen from these results that DF antenna locations on top of the tallest structures 
give the least reradiation error effect from those structures and, generally, maximum 
clearance (least error) from the other, surrounding structures. Breaking up structures 
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<= 
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=H +0.71 
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Note: 7 shows region of strong reradiated fields 
Fra. 2(c). Top Loading and End Effect Corrections for Shipboard Reradiator Heights H 


(e.g., guy wires, rails) with insulators, to reduce the induced currents, further reduces the 
environmental effects. Partial compensation of environmental effects can often be ob- 
tained by judiciously introducing compensator loops or structures, such that an approxi- 
mately equal and opposite (compensating) environmental effect is obtained. Successful 
means have been devised for altering the frequency characteristics of structures surround- 
ing a DF antenna in order to reduce and control environmental effects. (See reference 5.) 

Quadrature effects are generally reduced by minimizing the environmental effects as 
stated above. However, in practical direction finders, some polarization effects and resid- 
ual environmental effects often leave high values of quadrature effect which must be further 
minimized in order to realize satisfactory DF bearing resolution. Quadrature balance or 
compensation has long been used for this purpose. It makes use of a non-directional 
antenna for obtaining a voltage from the arriving wave which, with a properly adjusted 
phase and amplitude, can be made to cancel out completely the undesired quadrature 
voltage derived from the directional collector. In practice, the phase shift, if any, required 
for the above balancing or compensating voltage is a constant value over the frequency 
band. As a result, most direction finders operating below 2000 ke/s incorporate this 
balance circuit with only a single associated panel control for positive and negative magni- 
tude of compensation adjustment. The non-directional antenna employed for balancer 
purposes is actually the same one generally furnished in practically all direction finders for 
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sense determination, i.e., for resolving the 180° ambiguity in the direction of a received 
signal. When used for that purpose, the phase and magnitude of the sense antenna voltage 
is adjusted (generally by a fixed circuit) to match (as closely as possible) the phase and 
magnitude of the directional antenna’s maximum coupling output. In this manner the 
cosine (double null) coupling law is converted to an approximate cardioid (single null) 
coupling law which possesses the desired single non-ambiguous null. Because the cardioid 
law yields a poorer bearing resolution, i.e., differential amplitude to angle ratio, in the 
region of its null as compared to the cosine law null region, the cardioid is rarely used for 
other than sense determination. 

Receiver-introduced modulation for quadrature-effect suppression (see reference 6), 
which has recently been developed, possesses several advantages over the balancer type. 
It operates on the principle of phase discrimination for the undesired quadrature com- 
ponent. Phase discrimination is accomplished by introducing the voltage e1, derived 
from the non-directional antenna, into the DF as a reference voltage of proper amplitude 
and phase with respect to the directional voltage, ¢2. The directional voltage e2 is then 
passed through a mechanical or electronic reversing switch just before it is added to e1. 
The resultant e3 has a maximum +e; and a minimum —e; value depending upon the 
position of the reversing switch as shown in Fig. 3(a). It will be noted in Fig. 3(b) that 

the undesired or quadrature 

(Qi directional antenna voltage 
component ¢é’, after pass- 
ing through the common 
reversing switch, is also vec- 
torially added to e;. The 
resultant e3’ thus also has 
values +e3;’ and —e;’ de- 
pending upon the position of 
the reversing switch. How- 
Fig. 3. Vector Relations for Guede tare ew Suppression by Mod- Pe ae ae bea 
age +e. causes a maximum 

differential effect on e3, whereas the undesired or quadrature directional voltage eo’ 
causes a minimum (zero) differential effect on e3’. Moreover, for small values of quad- 
rature, the magnitude of +e,’ differs negligibly from e;. Thus, if é:’ is 10 per cent of é1, 


+es = V(1)? + (0.1)? = 1.005, or the presence of 10 per cent €2’ causes only 0.5 per cent 
increase in e3 over €}. By utilizing suitable synchronous commutators, or sweep circuits 
with a cathode-ray tube, the maximum and minimum resultant voltages -ke3; can be com- 
pared and the desired sharp null position of the collector can be obtained just as readily 
with considerable quadrature voltage present as when none is present, since the entire 
quadrature suppression is continuous, automatic, and independent of the operator. It 
should be noted that positive sense determination is continuously present in this type 
of system since the non-directional reference voltage, ¢1, is automatically a sense voltage, 
and sense is obtained merely by correlating the instantaneous position of the reversing 
switch with an increasing (or decreasing) resultant output. It can be shown that the 
receiver-introduced-modulation principle markedly improves the signal-to-noise ratio 
(or the bearing sensitivity) by integrating out the random (non-synchronous) noise effects. 
It can be effectively demonstrated that satisfactory DF bearings can be obtained on broad- 
cast program modulated signals notwithstanding noise levels that obliterate the program 
intelligence. The cathode-ray tube comparator for ‘‘on bearing’’ indication in some U. S. 
Navy direction finders is especially desirable for obtaining indication on ICW transmis- 
sions. When CW or MCW transmissions are employed the entire DF bearing may be 
taken automatically by employing a suitable controlled servo system to orient the direc- 
tional collector for minimum difference in +e; and —e3. This identical principle is em- 
ployed in the automatic direction finder (ADF) described in article 3 under Aids to Air 
Navigation, and as a second mode of operation in the Navy DBD MF/DF system, the 
latter being especially designed for simplified marine use. Both the balancing and the 
modulator suppression of quadrature effects may, under certain conditions, introduce a 
deviation effect. This may occur when a large quadrature (undesirable) voltage, ey’, is 
induced in the non-directional antenna. This condition, and its amount, can be quickly 
identified by a shift of the reciprocal bearing (i.e., observed bearing plus 180°) from its 
normal 180° position. Since this effect is almost identical to, and originates from, the same 
mechanisms responsible for the normal Deviation, it is as stable as the latter, and can be 
absorbed by the overall DF calibration when made. 

Calibration Curves. A conventional DF calibration curve is shown in Fig. 4(a) which 
is generally taken for a few of the most received frequencies. The same data can be pre- 
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sented in the automatic interpolation (see reference 5) form shown in Fig. 4(b). The latter 
form permits more direct plotting and utilization of the calibration data with the great 
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Fic. 4(a). Conventional Deviation Chart for Direction-finding Calibration 


advantage that the corrected bearing of other than calibrated frequencies may be ascer- 
tained just as conveniently as that of the calibrated frequencies. 

Polarization Effects. Radio waves propagated with their electric field vertical have 
become known as vertically polarized waves; those having their electric field horizontal 
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have become known as horizontally polarized waves; those having their electric field in- 
clined are a combination of both types. Experience shows that most direction finders are 
susceptible to appreciable unwanted polarized energy pickup, notwithstanding the care 
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taken to exclude it from the antenna and feeder system. For a discussion of this effect 
and its cure see Section 6, article 32. 

WEATHER AND TIME TRANSMISSIONS. Radio navigational warnings and stand- 
ard time signals are available to all ships equipped with communication receivers. The 
navigational warnings include the local weather forecast plus any urgent information with 
regard to tidal waves, offshore winds, ice, and storms. 
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RADAR. (See references 7-12.) Present radar systems provide one of the few known, 
yet most reliable, methods for surface-obstacle detection under conditions of restricted 
visibility, whether these obstacles are other ships, icebergs, buoys, islands, landmarks, etc. 
Radar provides, in effect, an electronic searchlight aboard ship, capable of ‘‘seeing’’ 
through darkness or fog, in any weather condition, for ranges up to approximately 25-30 
miles (line of sight), depending on the power of the “‘searchlight.’’ The use of radar, 
therefore, will be most applicable to collision prevention at sea, iceberg detection, harbor 


navigation, coastal navigation, and harbor control from shore stations. 

Table 2 lists minimum specifications for marine navigational radar. These specifications 
suggest the use of PPI (plan position indication) presentation of the echo information 
(see Section 15, article 24). 


Table 2. Performance Factors for Some Marine Navigational Radars 


Performance U.S.C.G. Manufac- Manufac- US.C.G. Manufac- Manufac- 
Factors Class A Spec.* turer A turer B Class B Spec.t turer C turer D 
Maximum range. ..| 30 miles 32 miles 40 miles 30 miles 30 miles 50 miles 
Minimum range. ..| 100 yd 100 yd 100 yd 400 yd 200 yd 100 yd 
Range resolution. .| 100 yd 100 yd 100 yd 200 yd 100 cy.d ee FS) Ree eee 
Bearing resolution.| 4° (on 10 cm), 3° By 6° Su) Oy as 
3° (on 3 cm) 

Presentation...... ENA al PALER 127PPr 7 PRY TEVA ZEPI 
Range scales 2-5, 4-15, and 2, 8, and 32 2, 10, and 40 | 2-5, 4-15, and 2, 6, and 30 1.5, 5, 15, and 

(miles) 15-30 15-30 50 

Range accuracy... ae OPck DOSE eeckcy ecstacy srsgs +2% +~2% or +100 +2% or +100 +2% 
y yd yd 
Bearing indicator. .| True Relative true True Trueorrelative True Relative true 
(avail.) (avail.) 
Antenna: 
Beam width..... AZM 15° Vi (One ec (Sra emee Zeek Lo Via||oeka nl envi 57H, 15° Vi i eae shel AN 
10 cm); 2° H, 
15 Ve(oned 
em) 

Rotation....... 360°, 6-I5rpm 360°, 12rpm 360°, 15 rpm | 360°, 6-I5rpm 360°, 11 rpm 360°, 7 rpm 
Frequency........ 3000-3246 3000-3246 3200 3070 + 50 
(Mie /'s) PRE rs. 9320-9500 9320-9430 9320-9430 9320-9500 
R-f source........ Magnetron IMagnetron\aies sranticer es Magnetron Magnetron Magnetron 
Peak power....... 15 kw 15 kw 35 kw 7 kw (on 10 7kw 5 kw 

em), 15 kw 
(on 3 cm) 
Pulseirateyae-. 800 cps 2000 cps 800 cps 800 pps 1500 pps 1000 pps 
Pulse width....... 0.5 ys (maxi- 0.4 us 0.25 us 1.0 ws (maxi- 0.5 us 0.4 us 
mum) mum) 
Receiver: 
Band width..... Optimum mag steerer 8 Mes Optimum Optimum 3 Mes 
Gait, serie 120 db serrate ccs cette sak eee renee 120 db 117 db 


* Class A corresponds to U.S.C.G. Minimum Specifications, Brief No. 1, Nov. 14, 1945 (revised Aug. 1, 1946). 
+ Class B corresponds to U.S.C.G. Minimum Specifications, Brief No. 2, Nov. 14, 1945 (revised Aug. 1, 1946). 


Principles. 


A short powerful burst of electromagnetic energy is emitted at a known 


spot and is narrowly beamed in a given known direction. Returning echoes from ob- 


jects within an arbitrary range in that given direction are received at the known spot, 
detected, and visually displayed. For persistence and continuity of display, the emitted 
pulses are repeated periodically at a fixed rate with enough intervening time to allow the 
return of any echoes. If an echo from an object is received by the system after a time 
delay, 7, from the initial burst, the distance of the object from the radar system is: 
Cu 
die (3) 
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where c is the velocity of light (or electromagnetic waves) in air and where the time T is 
measured from the beginning of the transmitted burst to the beginning of the received 
echo. Thus, the distance to the object is determined. If the antenna system is sufficiently 
directive, the pointed direction of the antenna at the time an echo is received is the direc- 
tion of the echo, thus furnishing a bearing determination. 

Unless the wavelength of the radiations used is small compared with the linear dimen- 
sions of the reflecting object, the phenomenon of diffraction takes place, making the echo 
amplitude inversely proportional to the square of the wavelength. If the wavelength is 
small compared with the reflecting object, the amplitude of the echo field does not sensibly 
depend upon the magnitude of the wavelength but rather upon the nature of the reflecting 
object. In the case of the free-space propagation between the radar system and the 
reflecting object, the following relationship holds: 

AoGoPiK | AnGoP.K 

Nea? 7 
where P, is the received power at the receiver input terminals (watts), Ao is the effective 
absorption cross-section of the receiving antenna (square meters), Gois the overall power 
gain of the feeder and the radiating antenna, P; is the transmitter peak power (watts), K 
is a complex reflection coefficient dependent on the nature of the target and is given as 
the effective echo area of the target in the direction of the radar (square meters), 7 is the 
distance in meters from the radar to the target. The second form of the equation is in 
terms of the maximum range, 7max., and the minimum detectable power received, Pmin.. 
These results for free space propagation must be modified for propagation over a spherical 
earth since, in the range of frequencies used, electromagnetic waves are propagated over 
approximately a “‘line of sight’’ path with small diffraction effects occurring at the lower 
radar frequencies. Thus, the antenna height above the sea, the target height above the 
sea, and the height of any intervening objects must be taken into account. 

From these considerations, it is evident that, in order to utilize efficiently the principles 
of reflection with electromagnetic waves, a radar system must (1) generate a wave whose 
length is small compared with the objects from which the wave is to be reflected; (2) 
generate enough power at that frequency to be able to receive and detect the returning 
signal; (3) provide a means of measuring the time delay from the transmission to the recep- 
tion of that signal. 

Fundamental System Constants. Each radar system has associated with it certain 
constants whose choice depends upon the available components, the desired operational 
performance, and the intended use of the system. The normal variations of these constants 
are as indicated in the following: 

(a) Carrier Frequency. The choice of carrier frequency depends on the permissible 
dimensions of the antenna system to be used and the directivity or beam sharpness desired, 
since the size of the antenna system reduces with increased frequency, and the directivity, 
as well as gain, improves with frequency for a given antenna size. Thus the lower fre- 
quency is limited by the practical antenna size; the upper frequency is limited by atmos- 
pheric reflection and absorption effects (pronounced near 3000 Me or 10 em wavelength 
for reflection and 30,000 Mc/s or 1 em wavelength for absorption) and the availability of 
tubes capable of generating and amplifying enough radio-frequency energy to provide 
the necessary range. The lower frequency limit is about 100 Me, though frequencies higher 
than 30,000 Mc have been successfully used experimentally. 

(b) Transmitter Pulse Width. The minimum range at which an object can be detected 
by a radar system is determined largely by the width of the transmitted pulse (at the 
1/2 power point) since an echo returning while the transmitter is still operating will be 
masked by the transmitter pulse. This is even more true if the receiver is always blocked 
or desensitized for the duration of the transmitter pulse. The usual pulse widths range 
from 0.25 to 2.0 ws for navigational purposes. 

(c) Pulse Repetition Rate. The pulse repetition rate must be slow enough to allow time 
for the maximum range echoes to return to the antenna before another pulse is transmitted, 
and it must be fast enough to provide enough traces while the antenna is rotating or 
pointing in a given direction to produce a lasting indication on an oscilloscope screen. 
Therefore the maximum range determines the highest pulse rate, and the rotational speed 
of the antenna determines the lowest pulse rate that can be used. In practice these rates 
vary from less than 60 to several thousand pulses per second. 

(d) Duty Cycle. The duty cycle of a radar system is the ratio of the average power to 
the peak pulse power. It depends on the relation between pulse width and the pulse- 
repetition time. Thus a lower duty cycle permits higher peak power operation at the same 
average power. The maximum range of the system is dependent on the peak power for a 
given pulse width, while low average power means smaller tubes and components in the 
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transmitter. The limit to peak power, however, for a given transmitter tube is the break- 
down potentials between the various electrodes. In practice, radar duty cycles vary 
between 0.005 and 0.0001. 


Fundamental System Components (General). Radar systems now in existence differ 
widely in detailed design and complexity, depending on their functional use and the accu- 
in which the functional requirements fit equally well almost all specific requirements. 
The six primary components are shown in Fig. 5; they may be summarized as follows: 
(a) Timer or Synchronizer. The timer determines the pulse-repetition rate of the radar 
and provides a zero reference point for time measurements and for operation of sequential 
such as a sine-wave oscillator, 
{ t a multivibrator, or a blocking 
A i oscillator with the necessary 
pulse-shaping circuits. An- 
Synchronizer Transmitter 
of timing is to make the 
transmitter with its associ- 
ated circuits establish its own 
repetition rate and provide 
Recelver by a rotating spark gap. 
Self-timing eliminates a num- 
Fie. 5. Functional Block Diagram for Basic Radar System ber of special timing circuits, 
but the pulse width and pulse- 
applications. 

(b) Transmitters. To generate pulses of high-frequency electromagnetic waves at high 
power levels a conventional pulse transmitter is used. Care must be taken that the tubes 
are suitable not only for the average power dissipation but also for the high powers and 

(c) Antenna System. The purposes of the antenna system are to beam and radiate the 
energy efficiently from the transmitter into space, to focus and pick up the returning echo 
and pass it on to the receiver. A transmit-receive switch (TR box) must be included to 
prevent the transmitter energy from harming the receiver. 

(e) Indicator. To display the detected pulses visually so that range, bearing, or eleva- 
tion of any echo source, or combination of these, can be determined. See Section 15, 
article 24. 

(f) Power Supply. A conventional well-regulated low-impedance power supply is used. 
in the pulse. 

Performance Factors. (a) Resolution. The resolution of obstacles by a radar system 
will depend on the pulse width, the effective antenna beam width, the receiver band width, 
the frequency, and the stability of the entire system. For a typical commercial naviga- 
antenna beam width of 2° (to half power points), and a pulse width of 1/4 us, the resolution 
is 100 yards in range and 3° in azimuth. Above approximately 1000 Mc/s the frequency 
is not a major determining factor in itself, but only as it affects the other factors, since the 
wavelength is small enough to provide efficient reflection from the smallest objects ordi- 

(b) Maximum and Minimum Range. The maximum range will depend on the height of 
the antenna system above the sea, the power output of the transmitter, and the gain and 
efficiency of the antenna system. An average ship installation would have a maximum 
range of from 25-30 miles, which is, in general, great enough for the intended navigational 
the receiving system (including antenna switching mechanism); for the typical commercial 
system mentioned above, it is 100 yards. The radar indicator is usually provided with a 
range switch permitting any of several discrete ranges to be displayed on the screen. The 
accuracy of the range information depends on the initial accuracy and stability of the range 


racy and amount of information required. However, a single basic system can be visualized 
functions in a definite time relationship. Such timing may be supplied by a separate unit 
other commonly used method 
ae ta Cae, ; the synchronizing pulses for 
the rest of the system. This 
action may be accomplished 
by a self-pulsing or blocking 
Ea radio-frequency oscillator, or 
Indicator 
repetition rate are not usually as stable or rigidly controllable as is necessary for some 
voltages during the pulse. 
(d) Receiver. A conventional wide-band receiver is used. 
Pulse-forming lines build up a charge during the inactive period to store energy to discharge 
tional radar in the 3-em (10,000-Mc) band, having a receiver band width of 8 Mc/s, 
narily encountered. 
use. The minimum range will depend directly on the pulse width and recovery time of 
markers; azimuthal accuracy usually depends on the accuracy of tracking between the 
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antenna rotation and the sweep rotation on the cathode-ray tube face. Accuracies of 
2 per cent in range and 2° in azimuth are not unusual. 

(c) Presentation. The most usable form of the radar information for marine navigational 
purposes is the PPI type presentation on a screen of 5 to 9 in. in diameter, with provision 
for true or relative bearing stabilization, range markers, and range scale selector. The ratio 
between different range scales is often made the same. 

(d) Installation, Maintenance, and Operation. The present radar systems are designed 
for operation by bridge personnel having little or no technical training. The indicator is 
mounted in the pilot house, and the antenna is properly located to provide 360° clearance 
to the horizon. To facilitate this arrangement on all types of vessels, the radio-frequency 
components, the antenna assembly, and the indicator are usually manufactured as separate 
units. 

RADAR-BEACONS (RACON). (See references 10-12.) Radar piloting is beset by two 
important problems. First, targets for navigational purposes are sometimes small or 
poorly defined, resulting in small or weak echoes, especially near the maximum range of 
the radar system. Secondly, these weak echoes in the presence of sea return often 
leave the absolute identification of the navigational targets in doubt. These prob- 
lems are greatly simplified, however, by providing a system of electronic beacons designed 
to serve as aids to navigation for ships equipped with the proper radar equipment. The 
term Racon, a contraction of radar-beacon, designates such a system. These beacons or 
racons are designed to emit or reflect a large amount of energy which will allow dependable 
target indication at a much greater distance than that obtainable when normal reflections 
alone are depended upon. There are three types of such beacons, and each is described 
below: : 

Radar Respondor-beacons (Transpondor). These racons consist of transpondors, or 
pulse-type receiver-transmitters, located at strategic ground sites such as coastal points 


and islands, which receive 
Radar 
equipment 


interrogating signals from 
a radar transmitter and 
automatically send back 
identifying reply pulses to 
the radar. The coded reply 
appears on the radar oscil- Transmitting 
loscope in such a way that antenna 

both position and identifi- 
cation of the racon station 
areindicated. Reference to 
prepared code lists or charts 


Receiving 
antenna 


then serves to associate that Receiver Transmitter 
respondor-beacon with a (Frequency Ureacency 
2 


Fi) 


fixed navigational point. 
Thus a navigator will be 
2able to check his course, or 
even completely guide his 
craft, since range, bearing, 
and identification will be ob- 
tained from each respondor- 
beacon. <A typical radar Fie. 6. Functional Block Diagram of Basic Racon System 
and fixed station microwave , 
racon transpondor operation is shown in the block diagram in Fig. 6. ; 

To prevent racon signals from appearing on the radar screen all the time, and to avoid 
continual interrogation of the beacon by radar, the system is designed to operate under 
the following conditions: (1) the beacon responds only to pulses of 2-us or greater duration 
within an appropriate frequency band; (2) the beacon replies at a fixed frequency which is 
common to the entire beacon system and which is just outside the radar system frequency 
band. Ten-centimeter band racons respond to 2-yus challenging pulses in the 3000-3246 
Mc/s band and reply at 3256 Mc/s; 3-cm band beacons receive pulses in the 9320-9500 
Mc/s band and reply at 9310 Mc/s. An additional band near 5 cm is being made available 
for radar and racon use. For racon system use, the radar equipment is designed to provide 
the necessary challenging pulse length and the correct receiver tuning upon activation 
of a special button or switch. The normal radar plot will then disappear and only radar- 
beacon responses will appear on the screen. ’ 

Three types of coding, to insure positive identification of a given respondor-beacon, 
have been devised: (1) Sequence coding is provided by emitting a number of half-second 
transmissions whenever the beacon is triggered. During the half second, pulses of a given 
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duration appear as a pip of a certain width on the scope. However, the pulses making up 
the next transmission may all be of longer duration, thus giving a pip of greater width on 
the scope. The complete code is made up of the number and combination of widths of 
these pips. (2) Gap coding provides periodic interruption of a series of pulses. During 
each period of interruption, identification is given by a pulsed dot and dash transmission. 
Both sequence and gap coding are slow, requiring considerable time for complete identi- 
fication. (3) Range coding gives an immediate identification as the complete code is 
produced on the oscilloscope at once. Each reply, caused by one interrogation pulse, 
consists of six pulses which appear on the PPI at different positions along a given bearing 
with the first pulse indicating the beacon position. Such coding is accomplished by chang- 
ing the spacing of the pulses. 

Separate broadside arrays serve as receiving and transmitting antennas for the trans- 
pondor. Both are non-directional in the horizontal plane in order to respond to interro- 
gations from any point on the compass, but have a narrow low-angle vertical pattern to 
facilitate long-range operation. From the receiving antenna the received radar signals 
go to either a crystal-video or superheterodyne receiver which must satisfy the follow- 
ing requirements: (1) the radio- and intermediate-frequency stages must be broad-band 
in order to receive signals at any frequency within a given radar band (10-cm or 3-cm, but 
not both); (2) the video stages must not excessively widen 1-ys radar pulses; (3) the re- 
ceiver must not be easily blocked; (4) the amplification must be adequate for the received 
radar signals. The output of the receiver goes to a recoder which consists of a discrim- 
inator, coder, and gate multivibrator. The discriminator accepts variable amplitude 
pulses of 2-us or greater duration but rejects all pulses of shorter duration. The coder 
(in this case, a range coder) consists of six start-stop multivibrators whose outputs are 
combined in an amplifier to produce a series of pulses. The code may include a maximum 
of six pulses with 15- or 35-us spacings between successive pulses. The gate consists of a 
175-us negative rectangular pulse that is fed back to the discriminator, where it prevents 
the coder from accepting other receiver video signals until after the completion of one 
range-coded transmission. The pulses from the coder are applied to a modulator where 
they are converted into very large amplitude rectangular pulses of 1/9-us duration. The 
modulator triggers a transmitting magnetron that oscillates at the proper reply frequency. 
To insure operation exactly on the radar transmission frequency, an automatic frequency 
control circuit is used to keep the magnetron in tune. Minimum peak powers of 10 kw 
are used, while some racons operate at peak powers as high as 40 kw. 

Transpondor beacons of the type described, and radar equipments which use them, 
must be designed as ‘“‘sister’’ equipments, as each is dependent upon the other. For this 
reason the Coast Guard’s specifications for commercial radar equipment recommended 
that provisions be made for convenient future modifications of the radar for use with racons 
or microwave beacons. Considerable investigation and development work has been under 
way to permit adaptation of the wartime racon system to general marine navigational 
purposes. 

RADAR MARKER BEACONS (RAMARK). A second type of radar beacon consists 
of a simple shore-based, continuously pulsed beacon operating on a single frequency. 
Rather than being interrogated by the radar pulses, this type continuously transmits, 
and the radar need have only a means for receiving the beacon frequency when it is desired 
to utilize the beacon. This eliminates the necessity for sending out 2-us pulses and simpli- 
fies the ground equipment so that it acts in much the manner of the present low-frequency 
radiobeacons. The navigator sees, on his PPI, a line extending radially from the center to 
the periphery of the scope on the bearing of the beacon. Two beacons are needed to obtain 
a fix since no range information is provided. The means of identification is the location 
of the aid with respect to the naturally distinguishable land contours shown on the radar. 
Additional means of identification have been considered also, e.g., groups of pulses, known 
repetition rates, or modulation of the signal with an audio code, but these require addi- 
tional modifications to the radar. 

RADAR REFLECTOR BEACONS (CORNER REFLECTORS). A third type of beacon 
classed as a racon is the ‘‘corner reflector,’’ which is merely a mechanical assembly of 
sheet-metal faces, designed to give the maximum reflection of energy received from any 
given direction over fairly wide angular limits. The reflector is inexpensive and easy to 
construct and maintain. These devices have no means of identification other than their 
prominent echoes on the radar screen and the fact that their positions can be plotted on 
charts. The great simplicity and economy of such a scheme suggest its use wherever 
feasible. In rough weather, however, it may be very difficult to distinguish its return 
through the ground clutter. 

LORAN. (See references 11, 13, and 14.) The accelerated development of radar and 
other electronic equipments during World War II has reduced to relatively simple opera 
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tional procedures the accurate measurement of radio transmission propagation time. This 
has resulted in the introduction and wide use of two important radio position-determining 
systems utilizing this propagation time principle, i.e., Loran and Gee. In these systems, a 
position fix is obtained from the intersection of two loci of position, each locus of position 
being determined by measuring the propagation time difference between two synchronized 
pulsed signal emissions arriving from two known but widely spaced radio transmitting 
sources. Since the velocity of propagation of radio waves over the earth’s surface is 
essentially constant, propagation-time-difference measurement varies directly as the 
distance difference between a receiving station and two fixed transmitters. Therefore, 
the locus of points which are a given constant time difference from two fixed points is a 
hyperbola with the fixed points as foci. Thus the two transmitting stations or fixed points 
provide a family of hyperbolas about the stations, each hyperbola representing a constant 
value of propagation time difference. Position-fixing methods which use such a family of 
hyperbolas can be classed as hyperbolic systems, and, in addition to Loran and Gee, they 
include the Dingley system, Decca, and Popi. These last two systems utilize hyperbolas 
derived from constant propagation phase differences (identical in principle to optical 
interference phenomena) instead of constant propagation time difference, whereas the 
Dingley system utilizes hyperbolas derived from constant propagation frequency differ- 
ences. 

STANDARD LORAN. This system operates at approximately 2 Mc/s and utilizes 
ground wave and/or single hop # layer paths of transmission. Special charts are provided 
having Loran hyperbolas super- 
imposed on geographical maps. 
Figure 7 shows a partial exam- Loran line of position, 
ple of Loran hyperbolic charts. (hyperbola of constant 
In practice, a master (or A) sta- time difference= 800 us) 
tion transmits 40-us pulses at 
a given repetition rate. These 
pulses serve to synchronize a 
slave (or B) station several hun- 
dred miles away so that the B 
station also transmits 40-ys 
pulses at the same repetition rate, 
but delayed in time by the travel- 
time between the two stations 
plus the B station’s system delay. 
The reception and presentation 
of these transmitted pulses 
aboard ship by means of a special 
Loran receiver and indicator 
permit measurement of their 
time difference, and from that in- 
formation the appropriate Loran 
chart will give the correct corre- Fie. 7. Loran Hyperbolic Line of Position 
sponding hyperbolic line of posi- 
tion. A separate operation on asecond pair of Loran transmitting stations provides a 
second position curve, and the intersection of these hyperbolic curves on the special charts 
establishes a ‘‘fix.’’? A block diagram of the Loran system is shown in Fig. 8. 

Transmitting Equipment. The Loran transmitting stations generally operate as a 
group of four stations. Each station would normally consist of a timer and a transmitter. 
The timer establishes a very precise pulse rate by utilizing 50 kc/s or 100 kce/s ecrystal- 
controlled oscillations of very high accuracy, which are divided down to provide basic 
pulse rates of 25 pps and 331/3 pps. These timing pulses trigger an exciter which generates 
the 40-us pulses for modulating the transmitter. The transmitter itself is a self-excited, 
tuned-grid, tuned-plate, push-pull unit, pulse modulated in the cathode circuit and 
oscillating from 1750 to 2000 ke/s. ‘To provide precise synchronization, to conserve 
equipment, and to reduce maintenance, a single transmitter is usually employed as a 
master station which synchronizes two different slave stations, on the same frequency, 
but at different repetition rates. This is accomplished by providing, at the transmitter, 
two separate timers (each of which is independently referenced, for convenience, to the 
precise time signals from station WWYV), two exciters, and a mixer stage preceding the 
modulator. The duty cycle of this double-pulsed transmitter system is approximately 
80 us in every 40,0C0 us (25 pps), or 0.2 per cent. The transmitter, operating at about 
100 kw peak power, feeds a 120-ft guyed radiator in the standard installation. In case of 
damage by windstorm, etc., an emergency T antenna is provided. The slave-station 
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emitting equipment is identical to that of the master station, and suitable means are 
provided at the slave station for properly receiving the master station signals and for 
effecting the necessary precise synchronization of the slave-station pulses. 
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Fie. 8. Functional Block Diagram of Basic Loran System 


RECEIVING EQUIPMENT. The craft’s receiver-indicator equipment is usually 
furnished with a 50- to 60-ft vertical antenna leading to a medium-frequency receiver 
having a band width of 50 ke/s to pass the 40-us pulses, and a 50-ke video output stage. 
To insure maximum range reception, the receiver must have enough sensitivity and gain 
to provide full screen deflection with 10 microvolts into the receiver. The indicator pro- 
vides the necessary timing circuits to measure pulse separations with the required l-ys 
precision. A 100 ke/s precision oscillator with associated dividers supplies a sequence of 
precise index timing markers at appropriate intervals, with a basic accuracy of +1 us. It 
also contains the delay and deflection circuits for displaying the received pulses or the 
timing markers on the oscilloscope screen. The actual method of presentation is to pro- 
vide separate paralleled sweep traces on the scope screen, one for the train of A station 
pulses and one for the train of B station pulses, with the index markers appearing simul- 
taneously on the screen with the station pulses. Since more than one Loran transmitter 
may be operating on the same carrier frequency, pulses from all these stations will appear 
on the indicator screen. Therefore, the indicator includes timing and sweep circuits which 
provide precise repetition rates corresponding to the desired transmitter’s repetition rates. 
This procedure synchronizes the indicator to the pulses of only one transmitting pair of 
Loran stations while the pulses of all others continuously drift across the screen and do not 
interfere with the desired stationary pair of pulses. 

The exact amount of time delay between the slave and master pulses can be measured 
from manually incorporated time delay circuits required to make both these pulses coincide 
on the screen. The accuracy of measurement depends on the stability of the circuits which 
provide timing markers on the face of the oscilloscope. To facilitate this, an expanded 
or fast sweep is provided, enlarging the picture of the pulses and making the pulse-matching 
procedure accurate to approximately 1-ys, since the 10-us marker spaces can be estimated 
to tenths. A typical presentation is shown in Figs. 9(a) and 9(b). A receiver refinement 
introduced by the Sperry Gyroscope Company permits the local time delay (equivalent 
to the time difference) to be read directly in microseconds on a Veeder-type counter. The 
currently available shipboard receiver-indicator equipment weighs between 125 and 235 
lb, although the corresponding airborne equipment is a comparatively small unit weighing 
approximately 25 lb. Both types consume 200 to 300 watts from a 115-volt power source. 
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Performance. When used over water Loran can provide navigational fixes up to 750 
nautical miles in the daytime and up to 1400 nautical miles at night. The daytime range 
is the limit of ground-wave propagation at the frequencies and power used. At night, 
pronounced reflection effects from the H layer of the ionosphere provides the additional 
range. Fortunately, this ionospheric reflection introduces only small errors which are 
compensated by known correction factors and allowed for in the Loran charts. When the 
ship is in a position to receive both ground- and sky-wave transmission, the indicator 
will show two or more sets of pulses where the first set is the ground-wave pair and the 
others are various sky-wave reflections as shown in Fig. 9(a). Such reception does not 
interfere with the fix determinations. The average operating accuracy of present systems 
is better than 0.5 per cent of the distance measured, e.g., less than 21/3 miles in 500 miles, 
but deteriorates somewhat along the base line of the transmitters. The accuracy depends 
on the location of the trans- 
mitting stations, the stabil- 
ity of the timing circuits, 
and the experience of the Ground 
operator in matching pulses 
and estimating time be- 
tween 10-us markers. 

Since the system depends 
upon the measurement of Fra. 9(a)._ Typical Ground Wave and Sky Wave Pulse Sequence 
time differences rather than from One Station. Signals to the right of the One-hop-E are gener- 

: ; ally disregarded. 

upon direction of propaga- 

tion, it is not subject to 
the usual errors encountered 
in direction-finder systems. 
Factors affecting the propa- 
gation from a master station 
will, in general, also affect 
the propagation from its 
slave station. This is espe- 
cially true as the range in- 
creases, since the two paths 
then become approximately 
parallel. At the close of the 
war, the military Loran sys- 
tem comprised 40 trans- 
mitting stations located at 


ji Sal 
Semsveeic mH So eeate Fie. 9(b). Basic Loran Indicator Pattern. A calibrated time differ- 
points, with an addi ous ence (or delay) mechanism and an expanded sweep are used to obtain 
10 under construction; 1 microsecond accuracy. 


these systems supplied in- 
formation to receiver-indicators installed on more than 3000 surface vessels. Among 


the improvements which are desired and may be expected in the near future are the follow- 
ing: (1) higher-power transmitting stations (about 1000 kw), (2) erystal-controlled oscil- 
lators to provide more stable carrier frequencies, (3) different methods of station synchro- 
nization and pulse-shaping circuits, and (4) a totally automatic receiver-indicator system 
requiring a minimum of technical operating skill and experience. These improvements 
are desired in order to overcome the present disadvantages of: (1) limited range, especially 
in the daytime, (2) the undesired synchronization upsets caused by ionospheric disturb- 
ances, (3) the need of a specially trained operator for interpretation and maintenance. 
In addition, experimental studies are being conducted (see below) on LF Loran which is 
an adaptation of standard Loran to the very low-frequency range. ’ 
SS LORAN. This system (sky-wave synchronized Loran) is operable during the night 
only and is identical to standard Loran except that master and slave stations are sepa- 
rated by 1000 to 1200 nautical miles instead of the usual 200 to 300 nautical miles. Such 
a long base line requires synchronization of master and slave stations by sky waves, since, 
at the operating frequency of 2 Mc/s, the range of the ground-wave propagation is less 
than the base line itself, so that SS Loran can be used only at night, when sky waves are 
strong. , J 
LOW-FREQUENCY LORAN. To provide greater daytime range, a modified Loran 
system has been designed which operates at about 180 ke/s and offers the following propa- 
gation advantages: (1) at these low frequencies the propagation range of ground waves is 
increased, especially over land; and (2) sky-wave reflections become much more stable, 
to such a degree that they can more readily be interpreted by a navigator. This stability 
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results from the fact that radio-frequency energy at these frequencies does not penetrate 
the E layer of the ionosphere and thus the long trains of multiple night time sky waves, 
present at 2 Mc, are absent. Hence, the 180 kc/s sky-wave receptions are much more 
useful to the operation of the Loran system and it appears possible to obtain ranges of 
1000 or more miles for satisfactory, stable operation for day or night over land or sea. 
However, resolution (separation) between the ground-wave and various sky-wave recep- 
tions deteriorates and affects the accuracy of the system. At very low frequencies (below 
180 ke/s), ground waves are even less attenuated, and very reliable propagation over 
thousands of miles can be expected. However, because very wide-band antenna systems 
are not available at the very low frequencies in view of their prohibitive size and because 
of current limitations of wide-band and pulsed techniques, the pulse principles inherently 
required in Loran have not yet been adapted to the very low frequencies employed. In 
view of these factors it seems that 100-150 kc/s is about the lowest usable frequency range 
in which pulsed systems such as Loran can be employed, with the pulse length increasing 
to about 300 us. 

GEE SYSTEM. The British Gee system of navigation operates in the 20-85 Mc/s 
frequency range, on the pulse-propagation-time-difference principle. In nearly all respects 
it is the higher-frequency counterpart of the Loran system and was independently de- 
veloped by the British. The essential differences of the Gee system are: (1) higher operat- 
ing frequency and consequent reduction of range; (2) three-slave-station operation instead 
of two; and (3) simultaneous presentation of two propagation time differences in order 
that a position fix can be determined in one initial receiver operation. 

CONSOL (BRITISH) AND SONNE (GERMAN). (See references 15 and 16.) Consol 
or Sonne is proposed as a medium-range navigational aid of the rotating beacon class. 
Radio navigational aids of this class operate in much the same manner as a directional 
searchlight which revolves at a known and constant rate with the addition of a non- 
directional visual light signal marking the instant that the revolving light passes through 
true north. The observer, at the point where the line of bearing to the beacon is to be 
determined, needs only to employ a stop watch to measure the time interval between the 
reception of the non-directional light signal and the searchlight signal, after which the 
desired azimuth angle is computed from the product of the known angular rotational 
speed and the time interval. In the Consol system dots and dashes are put into the 
rotating antenna pattern so that a stop watch is not needed. The observer simply counts 
the number of dots and dashes between the ‘‘north’’ pulse and the equisignal, and obtains 
his azimuth from the station thereby. A variation of this rotating-beacon principle 
consists of directly imparting the desired azimuthal information to the light beam proper 
via correlated modulation methods, e.g., by coding, intensity modulation, or frequency 
modulation. Completely analogous rotating radio beacon systems have also been used. 
For low and medium frequencies, large rotating antennas, or fixed antennas (e.g., Adcock 
type) with rotating goniometer arrangements transmitting a cosine-law or cardioid pattern, 
have been used. In other systems a cardioid or cosine-law modulation pattern has been 
transmitted, utilizing a receiver with a pattern synchronized cathode-ray sweep for an 
automatic indicator. Generally, radio frequencies in the VHF and UHF regions have 
been favored because rotating antennas of reasonable dimensions can be more conveniently 

built to give the desired sharpness of beam 
width to the predominantly single lobe ra- 
diation pattern usually employed. The 
necessarily high carrier frequency of these 
systems unfortunately limits them to line- 
of-sight ranges. Consol or Sonne, on the 
other hand, is a rotating-beacon system 
that operates in the 200-500 ke/s band 
and provides an accurate medium-range 
facility. Use is made of an ingeniously 
employed rotating multilobe radiation 
pattern such that sharp bearing resolu- 
tions are realized at these ranges. 
SHORAN. (See reference 17.) The 
Shoran, or short range navigation, system 
operates on the principle of echo ranging 
on two spaced beacons of the radar- 
respondor type. It combines the accuracy 
of propagation-time measurement with 
Fie. 10. Functional Block Diagram of Basic Shoran Simplicity of operation and reliability of 
System equipments. 
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Briefly, Shoran position ‘‘fixing’’ requires the measurement of the round-trip trans- 
mission times, in terms of range or distance, of two sets of short radio-frequency pulses 
transmitted by the craft, each set interrogating a known shore radar respondor-beacon 
station which retransmits the pulses back to the craft. Since each echo range defines an 
are of fixed radius from each known radar respondor-beacon position, the intersection of 
these arcs determines the craft’s location. The resulting double ambiguity, as in Loran 
and Gee, can usually be easily resolved. The two sets of pulses are transmitted from the 
craft on separate frequencies as shown in Fig. 10. Upon interrogation, both ground 
beacon stations retransmit on a common frequency that is different from either of the 
signal frequencies radiated by the craft. The returned pulses are then received and dis- 
played by the craft’s equipment. The crystal-controlled repetition rate is the precise 
yardstick in terms of which the craft to respondor-beacon distances are measured, and all 
interrogating transmitters use this same repetition rate. 

DIRECTION-FINDER SYSTEMS (HF-VHF-UHF). (See references 18, 19, and 20.) 
Until recently direction-finder systems at these frequencies were quite unreliable. Pri- 
marily, this poor operation has been caused by resonant reradiation from structures near the 
DF collector. Since a grounded metallic structure will resonate approximately as follows: 


246 
S(Me/s) = ay (5) 


structures between about 8 ft and 165 ft high will have a resonance somewhere in the 1.5 to 
30 Mc/s frequency band. (See Environmental Effects, p. 22-39.) On the basis of these 
analyses shipboard HF/DF can now be installed with average errors of 5-10°. 

In view of their poor accuracy compared to the 1° to 2° shipboard MF/DF accuracy, 
it is not likely that shipboard HF/DF will be widely employed for other than military 
intercept and location applications. 

Shore stations (see reference 20) of 100 Mc/s direction finders employing a vertical 
spaced Adcock collector, a spinning goniometer, and a cathode-ray-type automatic indi- 
cator have given a 2—3° accuracy with line-of-sight range. At 8 Mc/s planes have been 
tracked from the United States to Northern Africa. For the ultra high frequencies 90 to 
5000 Mc/s systems use a spinning reflector-type collector (dish) system in lieu of the fixed 
Adcock and goniometer arrangement. In general these are not too efficient in the 90 to, 
say, 200 Mc/s range but rapidly improve for the higher frequencies. 

SONAR. (See references 21 and 22.) Sonar, or sound navigation and ranging, which is 
the field of underwater sound navigation, has been applied in a manner similar, in principle 
and in electronic circuits, to radar in the field of radio navigation; the principal difference 
is the medium of propagation. The two main types of underwater sound aids in use are: 
(1) the vertical projectors called echo sounding or depth finding aids; and (2) the horizontal 
projectors known as echo ranging units. 

Echo sounding equipment transmits sound pulses vertically downward from a projector 
placed in the bottom of the ship, or lowered from the side of the ship, and receives the 
reflected pulses from the bottom of the ocean or waterway, giving a direct and constant 
running record on graph paper of the depth of water beneath the boat’s keel. Present 
commercial equipment has a range of 1000 fathoms or less and is used to navigate channels, 
rivers, and other waterways and to obtain data for charting the depths of these various 
waterways. Information necessary for the plotting of charts having contour lines of 
constant depth is gathered by the Coast and Geodetic Survey and is published by the 
Navy Hydrographic Office as an aid to marine navigation. This type of equipment has 
also been successfully used by fishing boats to locate schools of fish, as they also reflect 
sound. pulses. 

Echo ranging equipment transmits sound in a pattern which is conically beamed. It 
searches in the horizontal plane from a projector which can be rotated through 360°. 
Originally, the term Sonar implied the use of ranging equipment only, but it now designates 
almost any type of underwater sound equipment regardless of its use. This equipment 
was originally developed for the U. S. Navy for detecting submarines and surface ships, 
but it can obviously be used in the same manner for navigational and anticollision purposes. 
It presents the distance from the ship to an object, directly in yards, on a cathode-ray 
range indicator, and the bearing of the object with respect to the ship’s position on a 
bearing indicator compass. 
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LANAC. The Lanac or laminar navigation and anticollision system is a method of 
electronic navigation, developed since the close of the war, which proposes a unified radar 
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and identification navigational system for both marine and air use (see article 6), 
utilizing a minimum of equipments. The Lanac system provides target identification, 
coded radar beacon, and radar search operations from the same basic equipment. Essen- 
tially, the proposed system comprises a challenger and a replier, operating at approxi- 
mately 1000 Mc/s, as shown in the block diagram Fig. 11. The challenger can also be 
operated as a low-power search radar, for auxiliary navigation and anticollision protection. 
The repliers are coded for identifica- 
tion and (in air use) for altitude dis- 
crimination. Thus the system pro- 
vides the essential advantages of radar 
navigation, but the technical and 
operational emphasis is placed on the 
beacon operation, which provides pos- 
itive point identification of all stra- 
tegic locations and other _ ships, 
assuming that the ships are properly 
equipped. Thus, for maximum effi- 
ciency of operation, most other ships 
and prominent geographic locations 
would have to be marked by respond- 
or-beacons (repliers). The display of 
ral Transmitter beacon replies on a PPI scope as a 
| two-dimensional polar plot of the area 
ii surrounding the challenger is easier 
Identity and more reliably interpreted than a 
Codin - 
1_(Morse)__! corresponding radar display. 
A chart of the marine services ren- 
Fic. 11. Functional Block Diagram of Basic Lanac dered by Lanac is shown in Fig. 12 
System with the addition of the auxiliary 
radar functions mentioned. Although 
not yet in general use, Lanac offers the advantages of asimple and very comprehensive nay- 
igational aid which combines the reliability of beacon operation with the versatility of radar. 
DECCA. (See reference 16.) The British Decca system operates in the low- and 
medium-frequency ranges (i.e., 10-200 kc/s) on the propagation phase difference principle 
(e.g., similar to POPI). Operation is accomplished by transmitting CW signals from a 
master and a remote slave station accurately synchronized so that there is set up in space a 
stable interference pattern of radiations having distinct loci of constant phase difference. 
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Fig. 12. Summary of Services Rendered by Lanac (Excluding Radar) 


These Decca loci are hyperbolas of constant propagation phase difference, as compared 
to the Loran loci which are hyperbolas of constant propagation time difference. To facil- 
itate the reception of the two distinct transmitted signals, and the practical measurement 
of their phase difference, the Decca master and slave CW emissions have a highly stabilized 
ratio of carrier frequencies; e.g., the master station may operate on 340/4 = 85 ke/s, the 
slave station on 340/3 = 113.33 ke/s. The veceived frequency ratio is converted to unity 
by suitable multipliers in two channels-of the receiving equipment. The actual phase 
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difference between the two signals is then measured by passing the two converted signals 
through phase discriminating and indicating circuits. An integrating phase-meter (called 
a decometer) numerically identifies each hyperbola of 0° phase difference as it is picked up 
by the receiver. These 0° phase difference hyperbolas are called ‘‘equiphase” lines and 
are used as a reference. All other hyperbolas within the ‘“‘lanes’’ between the equiphase 
lines are then identified on the decometer as values of phase difference other than 0°. 
Since two such position lines are required for a ‘‘fix,’’ another such phase comparison 
determination is necessary on a second pair of stations. The total equipment, therefore, 
comprises three shore transmitters (one master operating two slaves) together with their 
associated control circuits, and craft equipment consisting of three phase-stable amplifiers, 
four frequency-multipliers, and two integrating phase-meters. 

In order to avoid ambiguities of fix in the Decca system, the decometers must be preset 
to a given reading at a known point which is within reception range of the Decca trans- 
mitters. Then, as long as the transmitters and the receiving equipments are operating, 
the decometer will read correctly as the receiver travels from one lane to another. If 
either the receiver or any of the transmitters fail to operate properly, or the receiver travels 
out of reception range, the absolute setting is lost and must be reset at a known position. 
To reduce these possibilities of ambiguity, means for positive lane identification are now 
being developed. A Decca facility (utilizing four stations centered near London, England) 
is in continuous 24-hour operation. Other Decca facilities are being planned including 
some for the European continent. The Decca system is easier to operate than the Loran 
system and appears capable of giving fix information with greater accuracy, but at de- 
creased range. However, errors due to serious phase shifts may be introduced by iono- 
sphere reflections of sky wave. It is to be noted that three carrier frequency channels are 
required for a position fix with the Decca system. 

POPI. (See reference 16.) The British POPI or post office position indicator system, 
operates in the medium-frequency range on the propagation-phase-difference principle 
(similar to Decea) with such a short base line that the hyperbolic lines of position are 
essentially straight lines or bearing lines of position to each POPI station. Two or more 
bearing lines of position from two or more POPI stations give the desired position fix. 
Each POPI station employs three outer antennas symmetrically disposed about a central 
antenna. If the antenna spacings are equal to or less than \/2, there are no ambiguities, 
and at a distance exceeding five times the antenna spacing the hyperbolic lines may be 
considered as straight bearing lines of position. In operation, the central antenna transmits 
continuously at a radio frequency of f3, the outer antennas transmit at a slightly lower radio 
frequency fi, and they are sequentially keyed at some fraction, 1/n, of the frequency 
difference fo. For a typical POPI station, f; may be equal to 750.000 ke/s, f2 = 80 eps, 
fs = 750.080 ke/s (obtained by mixing f; with f2), and n = 4. With n = 4, the keying 
cycle would occur as follows: 


First outer antenna on first 1/29 sec 
Second outer antenna on second 1/99 see 
Third outer antenna on third 1/99 sec 
Space and reference on fourth 1/99 sec 


At the receiver, the audio beat frequency f2 = fz; — fi (e.g., 80 eps) is applied to a rotating 
switch with four contact sectors. In order to control this rotating switch so that the 
sequential transmissions will be correctly received, one of the 80-cps outputs from the 
rotating switch is used to synchronize an 80-cps oscillator which, in turn, drives a syn- 
chronous motor. This motor, through reduction gearing proportional to the factor 1/n, 
permits 1/29-sec intervals for receiving the sequential 80-cycle tones corresponding to the 
frequency difference of the transmissions from the outer and central antennas of the POPI 
station. Since each of the outer antennas has a separate distance or propagation time to 
the receiver, there is a correspondingly separate and distinct phase for each 80-cycle tone 
sector of the synchronous commutator’s output. 

It is planned to measure these phase differences as if they were coexistent even though 
they actually occur in alternate time sequence. One means proposed for accomplishing 
this measurement consists of a separate 80-cycle filter network for each synchronous 
commutator segment which is capable of ringing or sustaining 80-cycle oscillations after 
being energized for about 1/29 sec without exhibiting adverse relative phase shifts between 
networks. No report is available at present on results obtained with this critical ringing 
network. The present British developments are in an experimental state, although full- 
scale trials are contemplated at an early date. It is to be noted that POPI may suffer 
the same errors, due to ionosphere phase shifts, that are expected in the Decca system. 

TELERAN. (See reference 16.) Teleran, or television radar and navigation, is a system 
that was originally proposed as an aid to air navigation and is discussed in detail in article 6. 
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It is believed, however, that it has considerable parallel usefulness as a harbor traffic 
control type of marine navigational aid, particularly during adverse weather conditions. 
Basically Teleran is a television system whereby the central control (shore) station trans- 
mits, by television, any essential information to nearby craft. In this manner pertinent 
PPI (plan position indication) information, weather warnings, and special instructions 
can be instantly presented via the television link to the navigator, using only a standard 
television receiver as the shipboard equipment. 

FACSIMILE. Because of the increased speed with which navigational information will 
be available to the navigator in the future, it is expected that some storing and recording 
means will eventually be required in order properly to handle navigational information 
that cannot be too well interpreted via oscilloscopes, etc., under busy harbor and related 
conditions. Moreover, the need and desire for rapidly printed records of weather, warn- 
ings, and congested traffic conditions will serve as a powerful stimulus in the eventual 
adoption of such an aid. In view of the relative ease with which facsimile signals can be 
multiplexed with other transmissions to the craft being navigated, its introduction is not 
expected to be long delayed. In some respects, facsimile transmission becomes a desirable 
compromise between the systems of telephoto, television, and teletype transmissions. 
Details of the principles of facsimile are discussed in Section 19. 

SOFAR. Sofar, or sound fixing and ranging, is a proposed system for air-sea rescue 
service and is a possible long-range navigational aid in the field of underwater sound. It 
has been discovered that sound originating at certain depths (often 3000 to 4000 ft) will 
be refracted downward by the layers of water above the critical depth, owing mainly to 
the temperature gradient in the water, and upward by the layers of water below, owing 
largely to the hydrostatic pressure gradient, thus confining the sound energy to a hori- 
zontal channel. It has been found possible to use this channel for the transmission of a 
distress signal (e.g., by detonation of a suitable explosive charge) over a range exceeding 
2500 miles. Reception of this signal by several coordinated and widely spaced hydro- 
phone receivers allows an accurate position fix of the distressed craft. Special light-weight 
and properly armed charges have been designed for airplane and life-raft applications that 
are particularly efficient for air-sea rescue purposes. An initial network of four stations, 
at Hilo and Kaneoke in the Hawaiian Islands, and at Monterey and Point Arena on the 
California coast, principally for air-sea rescue purposes, cover the long air route from San 
Francisco to Hawaii. 

REDAR. Redar, or red (and infrared) detection and ranging, is a proposed aid to 
marine navigation, similar in principle to radar. In redar, it is proposed to use a search- 
light and telescope arrangement in the near-infrared band aboard the ship. The general 
techniques and procedures employed in radar are expected to be modified as necessary 
and applied to redar. For navigational applications, where rapid redar scanning is not 
necessary, a simplified infrared optical range finder operating on well-known optical range 
finding principles is proposed. At the present state of infrared investigations, ranges of 
3 to 5 miles are predicted during average to clear weather and low humidity conditions, 
with accuracies comparable to radar accuracies. Because of the nearly equivalent attenu- 
ations of infrared radiations as compared to visible light radiations under fog conditions, 
infrared systems are not expected to become a general navigation system. If the need for 
very short-range target and obstacle detection becomes pronounced, it is possible that 
redar may adequately serve this need in a manner superior to that of most standard radar 
systems. 

MISCELLANEOUS SYSTEMS. Dingley system (see reference 23) is a frequency- 
modulation type of radio navigation aid that basically operates on the propagation-time- 
difference principle, wherein the actual time difference is obtained in the form of a fre- 
quency difference (or audio beat). This is accomplished by the use of frequency-modula- 
tion emissions from two spaced antennas, whereby there is set up in space a stable pattern 
of frequency differences having distinct loci of constant frequency difference. Thus the 
Dingley loci are hyperbolas of constant frequency difference as compared to the Loran 
loci or hyperbolas of constant propagation time difference. In operation, a central antenna 
and at least one other outer antenna are energized with frequency-modulation signals. 
The signal received along a radial line from either antenna has a space distribution of 
frequencies when that antenna is emitting frequency fo at time to, fi at time ty, fo at time by, 
etc. At time the signal of frequency fo has traveled to di, and signal of frequency f; is 
being emitted at antenna A or at do. The partial table shows the overall conditions respon- 
sible for the space distribution of frequencies. Since the table is also applied to give similar 
space distribution of frequencies for similar emissions from the second antenna, it can be 
seen that those points in space which maintain a constant distance difference to the two 
antennas will define a hyperbola along which will be found a constant frequency difference. 
Hence, a family of frequency-difference hyperbolas exists for the various differential dis- 
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tances to the two antennas, and their general similarity to Loran hyperbolas of constant 
propagation time difference is immediately apparent. If desired, the reference antenna, A, 
can be designated as master and any other antennas, B, C, etc., can be designated as slaves. 


INSTAN- INSTAN- INSTAN- INSTAN- INSTAN- INSTAN- 
TANEOUS TANEOUS TANEOUS TANEOUS TANEOUS TANEOUS 
TIME FREQUENCY FREQUENCY aT FREQUENCY AT FREQUENCY AT FREQUENCY 
AT do dy d2 dz AT dn 

to fo 

ty fi to Bato 

ty fo fi fo sees 

t3 fs fo fi to 

th tn In-1 Sn—2 In-3 . 


In view of the above, the Dingley system may be considered a simplified type of Loran 
system operating on an F-M basis. Because of the wide band factors generally associated 
with frequency modulators, it may be expected that the higher carrier frequencies may be 
required with their correspondingly reduced range. 

Sonic direction finders have long been employed by the military particularly for anti- 
aircraft purposes. Similar sonic direction finders have been employed for underwater 
applications. In such applications, a pair of spaced sonic pickup devices (e.g., crystals 
acting as hydrophones or sound microphones) have their outputs differentially connected 
to yield a cosine law of coupling (i.e., similar to a pair of Adcock dipoles) and have their 
resultant output fed to a suitable receiver. When used with a system of underwater sound 
beacons the combined arrangement is similar to the radiobeacon system described under 
Established Navigational Aids, p. 22-36. Beacon stations are under investigation for 
automatically taking sonic bearings on a ship and transmitting by radio the range and 
direction of the ship with respect to the beacon’s position. 

Infrared systems have been proposed which are essentially similar to redar with an 
optional infrared beacon system on shore to provide a convenient navigational aid. The 
infrared systems, as pointed out previously, do not permit navigating during fog conditions 
owing to their inability to penetrate the fog without an attenuation almost as great as that 
experienced by visible light. Their chief value would appear to be a black light navigating 
system operating under blackout conditions and during the absence of fog. Such systems 
generally operate in the near infrared region (0.3 to 1.5 microns). 

Far infrared (heat-ray) systems have been developed to distinguish targets from their 
backgrounds by operating on heat or temperature differences. These systems generally 
function in the 8- to 15-micron band and usually operate in a manner wherein the heat 
rays are detected by bolometers (see reference 24). One type of bolometer successfully 
developed by Johns Hopkins University operates as a superconductor at temperatures 
near absolute zero. This superconducting device may include scanning arrangements 
whereby target resolution, or definition, roughly comparable to radar definition, can be 
attained. Because of atmospheric absorption, ranges beyond a few miles are seldom ob- 
tained. 

Microwave thermal detection has been reported by G. C. Southworth (reference 25) 
in an interesting series of measurements of microwave radiations from the sun. This 
phenomenon is to be expected since radio waves may be considered as infrared radiation 
of very long wavelength, and a hot body would be expected to radiate microwave energy 
thermally. Using such techniques, absorption bands of water vapor have been measured. 
It is to be further expected that targets casting a shadow by blanking out radiations over 
certain areas might be detected by such microwave thermal and similar techniques. Any 
radiation source or any radiation field arranged to cause target shadows is potentially a 
means for detecting these targets, whether the frequency of these radiations is sonic or 
extends to the cosmic-ray region, and whether or not the emitting source is under control 


of the local observer. 


12. DETERMINATION OF OPTIMUM TRANSMISSION PARAMETERS 
FOR SOME LONG-RANGE RADIO NAVIGATION SYSTEMS 


BASIC CONSIDERATIONS. A long-range transoceanic radio navigation system for 
global application must meet three essential requirements, namely, provide: (1) adequate 
signal reception with a sufficient number of coastal or island stations for world-wide 
coverage; (2) reliable signal reception at useful levels irrespective of weather, time of day, 
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season, year, direction, and distance of reception; and (3) an economically feasible arrange- 
ment avoiding prohibitive installation and operating costs. P. R. Adams and R. I. Colin 
(reference 26) have studied these essential requirements and have arrived at the conclusion 
that, if the craft should at all times be within range of two ground stations (in order to 
obtain a cross fix), then these stations should have a minimum range of 1500 miles in order 
to insure world-wide double coverage. In addition, they have analyzed the relative 
suitability of the various transmission parameters for a reliable 1500-mile range of a long- 
range, essentially CW, radio navigation system. These analyses cover the optimum choice 
of frequency, band width, power, modulation, and radiation (antenna) efficiency, and 
comprehensively consider these transmission parameters with due respect to the following: 
(1) Quasi-minimum field strength (defined as the monthly average of signal strength 
measured at the worst hour of the day during the worst months of the worst year) that may 
be expected at different places, frequencies, direction of transmissions, etc. (2) Quasi- 
maximum significant static intensity (defined as the value of static which is rarely exceeded 
at any time and place where the useful signal is likely to have its quasi-minimum field 
strength) that may be expected at different places on different frequencies, etc. (3) Signal- 
to-noise ratio, based on the ratio of quasi-minimum field strength to quasi-maximum 
significant static intensity, in order to determine the ratio’s minimum probable value, by 
giving proper regard to each factor in the ratio in order to avoid their extreme values 
when the time and place of their occurrence may never coincide (the time relationship 
for example, depends upon factors such as latitude, time of day, and direction of trans- 
mission). (4) Cost of reliability in the choice of a suitable transmitting frequency (aside 
from the normal merit factors determining a choice of transmitting frequency based on 
average reception conditions), the degree and frequency of occurrence of fadeouts, adverse 
polarization changes, static conditions, and susceptibility to magnetic storms. (5) Corona 
factors, since the size of antenna is partly determined by the required antenna capacitance 
that will prevent the antenna charging current from developing a peak voltage in excess 
of the critical corona voltage; the latter, in turn, is dependent upon the weather as well 
as the dimensional and electrical factors. 

As a result of the above types of detailed investigation, employing compiled data and 
consideration of the pertinent factors including signal and static strength and fluctuations, 
and antenna efficiency, the conclusion is reached that, in an essentially CW type of trans- 
mitting system for navigational purposes up to a maximum distance of 1500 miles, ade- 
quate reception can be assured with least power input at a transmission frequency of 
70 ke/s. These investigations show that the reduction in time lost through fading and 
fadeouts offsets the disadvantage of low-frequency transmission and its associated lower 
radiation efficiency and higher static intensity. Estimates of power requirements for 
several locations and antenna dimensions for handling such power without corona are also 
discussed in the above reference. 

MODULATION AND BAND WIDTH. The above study makes little mention of 
the various methods of modulation by which intelligence may be transmitted at the chosen 
carrier frequency. Three paramount points must be considered: (1) the rate of trans- 
mission of intelligence on any one frequency is directly proportional to the band width 
used; (2) for a normal uniform energy distribution of noise over the frequency spectrum, 
the amount of noise energy received is directly proportional to the receiver band width; 
and (3) it has been operationally observed that present high-speed craft (including aircraft) 
can satisfactorily utilize navigational information furnished at a low rate of intelligence 
reception (e.g., 20-cycle modulation) by utilizing integration and average indication sys- 
tems. Specifically, amplitude modulation may vary from CW through audio modulation 
to pulse modulation transmission. CW transmission provides no intelligence information 
except the direction of propagation of the wave; the latter information is extracted by 
the receiving station and is not a function of the type of modulation. The receiver band 
width required is extremely narrow, thereby reducing band-width noise to the minimum. 
Receiver-introduced modulation methods, as described on p. 22-42, may be used to dis- 
criminate further against noise and effectively increase the signal-to-noise ratio without 
affecting the receiver noise (which is determined by the input circuits). Large bearing 
errors may be experienced in pure CW systems at long range, where sky-wave transmission 
must be used. These bearing errors cannot be detected easily but may be reduced in 
certain cases by means of the receiver modulation methods mentioned. CW transmissions 
may be identified by their frequency or by means of very slow keying or on-off schedules 
which theoretically require a definite band width but can be reduced to a few cycles, effec- 
tively approaching zero. 

AUDIO MODULATION can be taken to include modulation frequencies from a few 
cycles to several thousand cycles and does not impose prohibitive requirements on trans- 
mitter or receiver design. However, in view of the fact that the rate of intelligence trans- 
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mission need not be high for most navigating systems, it would seem preferable to use 
band widths of the order of 10 to 100 cycles and utilize suitable receiving methods in order 
to reduce receiver band-width noise to the minimum. It has been operationally observed 
that modulated radio signals have a higher stability and accuracy performance beyond the 
ground-wave propagation range than do CW radio signals. This is apparently due to the 
operator’s ability to distinguish single-path transmission from multiple-path transmission 
(either by aural or visual methods) when modulated signals are employed. With CW 
radio signals poorer performance results because it is practically impossible to distinguish 
the more stable single-path ray from the multiple-path rays with their larger instabilities 
and errors. Improved signal-to-noise ratios on desired signals can also be effected in audio 
modulated transmitting systems by employing receiver synchronizing procedures to match 
the transmitted modulation rate, thereby integrating or averaging out random noise. 
Furthermore, improvements in signal-to-noise ratios (e.g., bearing resolution and accuracy 
performance) can also be obtained in audio modulated systems by employing the same 
receiver-introduced-modulations technique discussed under CW systems and described 
on p. 22-42 under direction finders. Modulated systems also permit convenient means for 
positively effecting station identification either by keying, time scheduling, or variations 
of the modulation rates. It is important to note that modulation rates lend themselves 
to accurate synchronization between transmitters and receivers, not only for improving 
the signal-to-noise ratio but also for providing a highly effective. means for efficiently 
employing the frequency spectrum. The spectrum can be conserved by permitting a 
number of stations to operate on a common carrier frequency with different known and 
stabilized modulation rates, allowing the receiver to select the desired station by syn- 
chronizing on the proper modulation. This procedure is already in use in various adapta- 
tions as in the Loran method of synchronized pulse modulation, where as many as 16 
separate stations in a given area may share the common carrier frequency and are dis- 
tinguishable at the receiver by the different synchronous repetition (i.e., modulation) rates. 
Pulse modulation systems require a greater band width, and, consequently, the inherent 
receiver noise is greater. However, methods of synchronous pulse gating are being de- 
veloped which effectively reduce the noise and provide a higher sensitivity to pulse detec- 
tion. The wide band required by one transmitter employing pulse modulation can be 
offset as in audio modulation by utilizing a number of precisely controlled repetition rates 
at the same carrier frequency (as mentioned above in the case of Loran), and by providing 
for differentiation between these various rates at the receiver. The greatest single advan- 
tage of pulse modulation is the very precise and highly convenient technique available for 
time synchronization, which permits effective time differentiation between the various 
transmission paths of the arriving wave. The improved signal-to-noise ratio advantage 
offered by modulation and pulse synchronization techniques constitutes another great 
advantage. However, pulsed techniques become more difficult to apply as the frequency 
decreases. 

The efficiency of pulse synchronization techniques has been operationally proved in 
several instances, such as (1) in the India Theater during World War II where Loran 
operation was continuously maintained during the monsoon weather, when all communica- 
tion links were erratic or inoperative; and (2) under conditions of severe precipitation 
static in Greenland when, again, Loran provided the only operative navigation link, 
whereas all communication circuits became unintelligible. The advantages of pulse 
techniques for maintaining continuous and reliable service must, therefore, be thoroughly 
investigated and included in any comprehensive analysis of the final choice of the operating 
parameters for a long-range world-wide navigation system. 

Other modulations in addition to the various types of amplitude modulation exist, such 
as frequency modulation, phase modulation, and pulse-time modulation. Although no 
extensive study has been made of these for long-range navigational purposes it is well 
known that frequency and phase modulation possess considerable noise-reducing properties 
in addition to the modulation synchronization techniques previously described for improv- 
ing signal-to-noise ratios. However, these advantages are partly offset by their usual 
wide-band transmission requirements and their general limitation to the higher frequencies 
(in order to achieve adequate depth of modulation) where line-of-sight range restrictions 
prevail. Pulse-time modulation (PTM) offers the advantage of increased intelligence on a 
pulse channel but decreases the number of simultaneous channels allowable at one fre- 
quency. It also makes the separation of single and multiple path transmissions more dif- 
ficult and prevents use of the precise synchronization techniques necessary for effective 
improvements in signal-to-noise ratios. Lastly, hybrid or combination types of modula- 
tion and second and third derivative frequency modulation may play increasingly impor- 
tant roles as investigation continues into the techniques of such systems. 
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MEDICAL APPLICATIONS OF ELECTRICITY 


By Charles Weyl and S. Reid Warren, Jr. 


During the latter part of the eighteenth century Galvani and Volta discovered that the 
muscles of dead frogs’ legs could be made to move by contact with metals. The descrip- 
tions of their experiments indicated that they were establishing a difference of electric 
potential between nerves and/or muscles of the frogs’ legs and that this applied difference 
of potential caused a motion of the muscles. Since that time, many techniques have been 
devised for using electrical apparatus for studying physiological functions, for the diag- 
nosis of disease, and for therapeusis. During the twentieth century the development of 
these medical applications of electricity has become accelerated and, particularly since 
1925, new methods have been developed, tested, and applied to clinical practice. Al- 
though some of these techniques have become standardized by accurate experimental in- 
vestigations, nevertheless, the biophysical explanations of many of the techniques are al- 
most completely unknown. Although frequently the electrical apparatus and the tech- 
niques for their use are simple, an accurate knowledge of the results of the technique has 
been impeded by differences in individual patients, by lack of knowledge of the physio- 
logical factors involved, and by a lack of proper control of the apparatus and technique. 
Thus there exists a fertile field for investigation in which physicists and engineers are 
aiding physicians in problems of electromedical diagnosis and therapeusis. 

With the accelerated development of the electromedical methods which were known 
before 1925, and also of the new methods which have been introduced since that time, there 
has been a great increase in the literature of the field. Furthermore, the applications of 
many of the newer devices and techniques to medicine are subsidiary to their applications 
in other scientific fields. This section is organized on the basis of these factors. Each 
article contains the following items: (1) a list of the fundamental components of the elec- 
trical apparatus required for a particular electromedical technique and an example of their 
combination into a practical, useful apparatus; (2) a brief description of the electromedical 
technique and examples of its use; (3) a list of references to papers and books in which the 
electromedical apparatus and technique are discussed in detail. 

The literature of the medical applications of electricity uses terms quite different from 
those employed by physicists and engineers, and some of them are extremely confusing. 
For example, the term electrotherapy is sometimes used as a generic to represent nearly all 
the electromedical techniques except those involving x-rays; it also often represents solely 
those techniques described in the next article involving the conduction through parts of 
the body of direct, pulsating, and alternating currents. 


ELECTROTHERAPY AND SHOCK THERAPY 


1. APPARATUS 


The apparatus employed for generating direct and alternating currents for electro- 
therapy has many forms, all of which are fundamentally of simple design from the engi- 
neering point of view. The requirements are as follows: (1) direct current, 0 to 80 volts, 
0 to 50 ma, with a continuous resistance control; (2) alternating current at commercial 
frequencies from 0 to 50 volts rms, 0 to 25 ma; (3) a method for periodically surging or 
modulating the alternating currents mentioned in (2); (4) an induction coil operated by 
direct current with a mechanical interrupter; (5) a device for providing pulsating current 
at frequencies from 10 to 100 pulses per second. 

Occasionally an attempt is made to construct an apparatus which will supply all these 
wave forms. Usually, however, the physician purchases different pieces of apparatus for 
each purpose. At present, the trend is toward the construction of apparatus which 
operates from an a-c source of 110 volts, 60 cycles. For example, the d-c generator may 
take the form of a small 1:1 ratio transformer with the secondary connected to a full-wave 
rectifier and filter system. Across the filter system is connected a potentiometer, and the 
electrodes are connected to two terminals of the potentiometer. The surging devices are 
generally motor-driven variable resistances. The apparatus used for these purposes has 
not been standardized and therefore it is not possible to give typical wiring diagrams. 
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The arrangements for protection of the patient from excessive electric shock are, in many 
installations, inadequate. 

A number of accessory parts comprising, for example, specially designed electrodes and 
a timer for controlling the length of treatment are required. 

The development of technique in electrotherapy is based entirely on empirical results 
frequently acquired from doubtful interpretations of meager data. Since remarkably 
little attention has been paid to the precise measurement of voltage and current, many of 
the accumulated data are of doubtful value. 

Treatments usually have a duration of 1 to 15 min. In general the physician specifies 
his technique by a measurement of the current which flows through the patient, and the 
duration of the treatment. 


2. ELECTROTHERAPY 


It has been known for many years that passage of electric currents through the human 
body may cause important physical and physiochemical changes within the tissue. The 
following results form the basis of methods of diagnosis and treatment by the passage of 
_ electrical currents through the body: (1) the transfer of ions from outside the body into 
the treated part; (2) the transfer of ions from within the body to an electrode outside; (3) 
the production of heat within the living tissue; (4) the stimulation of nerve and muscle 
fibers. 

To accomplish these purposes, direct currents, pulsating currents, and alternating cur- 
rents are used. The following paragraphs describe the applications of each of these sey- 
eral forms of current. 

ELECTROCHEMICAL CAUTERIZATION. A flow of direct current (called galvanic 
current in electrotherapy) through the body generally serves its therapeutic purpose by 
destroying diseased tissue. If platinum electrodes are applied to a diseased part which is 
near the surface of the body, and a direct current is made to flow between the electrodes, 
an acid tends to form by electrolytic action at the anode, and an alkali at the cathode. 
The destructive action of such chemicals is well known, and frequently it is possible to 
control the destruction of tissue by means of the electrical method for the production of 
these chemicals. Such a procedure is called electrochemical cauterization. Usually only 
one metallic electrode is placed in contact with the tissue. The other electrode, called the 
indifferent electrode, consists of a metal disk several inches in diameter held against a pad 
of cotton soaked in a solution of sodium chloride and placed against the skin of the pa- 
tient. The transfer of ions from the salt solution apparently has negligible effect on the 
human body. Electrochemical cauterization is used for removing superfluous hair, warts, 
and small rodent ulcers, and also in the treatment of certain skin diseases. 

IONTOPHORESIS. If one hand of the patient is placed in a liquid electrolyte, and this 
electrolyte is used as an electrode, it is possible by the application of direct current to 
transfer ions from the solution into the body. This process is called iontophoresis. The 
physiological results of treatment by this method have not been adequately explained. 
Some work has been done for the purpose of effecting local anesthesia by the transfer of 
ions from cocaine into the body at chosen places. Metallic ions have been introduced, 
and it is claimed that the recombinations that occur within the body provide small quan- 
tities of atomic metal or of metallic salts at the site of disease. Other chemicals such as 
acetylbetamethylcholine chloride and histamine have been used for the treatment of 
specific disorders. 

CATAPHORESIS. If a semi-solid electrolytic gelatin is formed in the shape of a 
cylinder and two metal plates are placed at the ends of the cylinder, a direct current may 
be made to flow through the gelatin. After a few minutes have elapsed, there is an in- 
crease of water at the cathode and a decrease of water at the anode. This phenomenon is 
apparently caused by changes in osmotic pressure due in turn to the current flow. This 
procedure is sometimes used to remove undesired liquids from skin lesions. It is called 
cataphoresis. 

MISCELLANEOUS. It has been found that muscles which are in a state of fatigue 
become considerably strengthened after treatment with direct current. It has also been 
claimed by many workers that the passage of current causes exhilaration of some patients, 
and, on the other hand, with a slightly different technical procedure, the same type of 
treatment may produce drowsiness. The causes of these effects are unknown. 

The passage of small direct currents through the body causes no pain. However, a 
sudden change in the amplitude of the current produces muscular twitching and pain. 
Normally, d-c treatments require a source capable of adjustment from 0 to 80 volts. The 
current passing through the body may be from 1/2 to 50 ma. Because of the muscular 
twitching described above, it is particularly important that the current be adjusted slowly 
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to the desired value. Quantitatively, it is usual to increase the current linearly with time 
at the rate of 1 ma per min. The d-c resistance of the two arms and the trunk of the 
average adult is approximately 1400 ohms. This resistance is measured by suspending 
the hands in salt solutions, thereby overcoming the high resistance of dry skins. 

The passage of alternating current of frequency less than a few thousand cycles per 
second involves a sensation of pain and twitching of the muscles. The intensity of mus- 
cular reaction and pain increases with the amplitude of the current and with the frequency 
up to an indefinite limiting value of several thousand cycles per second. When the fre- 
quency is raised above this value, the sensation decreases and finally disappears unless the 
amplitude of the current is sufficient to produce appreciable heat. 

The steady application of alternating currents of a few milliamperes of commercial 
frequencies is extremely painful and dangerous. Therefore a device is required to produce 
a surging sinusoidal current which may be described in the following manner. At the 
beginning of the treatment the alternating current is zero amplitude. Over a period of 
the order of 2 sec it is increased to a maximum and decreased to zero. There follows a 
rest period of about 2 sec, and then the surge is repeated. Apparently the application of 
60-cycle alternating currents causes contraction and extension of the muscles. Treat- 
ment by this method has been recommended for paralyzed muscles or muscles damaged by 
disease. 

FARADIC AND MISCELLANEOUS WAVE FORMS. Various other types of alter- 
nating and pulsating currents have been recommended for therapeutic use. It will suffice 
to list a few of these: (1) the secondary current from an induction coil, called faradic cur- 
rent in electrotherapy; (2) currents produced by the periodic charge and discharge of con- 
densers; (3) pulsating current of various wave forms produced by mechanical interrupters; 
(4) high-frequency brush discharge by means of a Tesla coil. Standardization of such 
methods will require a careful oscillographic analysis of the electrical parameters combined 
with a statistical analysis of the clinical results. 


3. SHOCK THERAPY 


In certain mental disorders it has been found that if a convulsive shock is produced in 
the patient by means of drugs, or by electric currents passing through the brain, improve- 
ment in the condition of the patient is often observed. The techniques of shock therapy 
are still based chiefly on empirical data. It is to be noted that the threshold at which 
electric shock of the brain will cause convulsion is relatively close to the higher lethal 
threshold. It is, therefore, necessary to control the shock precisely. Shock treatments 
are usually given in a series of from six to twelve treatments during periods of a few weeks. 

It is found that, using electrodes placed approximately over the two temples, currents 
of the order of 1 amp, adequate to produce convulsion, are caused to flow by a 60-cycle 
alternating voltage of approximately 100 volts. Thus, the apparatus for shock therapy 
consists essentially of a transformer, the output of which can be continuously varied, and 
a timer capable of producing exposures from 0.1 sec to 0.6 sec in steps of 0.1 sec. Motor- 
driven timers, time-delay relays, and electronic timers have been used to produce the de- 
sired intervals of shock. In order to avoid fatal accidents, it is important in these devices 
to use circuits such that the failure of a component will result in a great decrease in the 
output voltage. 
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DIATHERMY AND HIGH-FREQUENCY SURGERY 


4, APPARATUS 


Generators of high-frequency alternating current, from 750 ke per sec to 3000 Me per 
sec, have been used to raise the temperature of parts of the human body in the techniques 
known as diathermy and high-frequency surgery. 
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There are two general types of diathermy apparatus. In the first type, a high-voltage 
transformer is connected to an oscillatory discharge circuit consisting of a spark gap, con- 
densers, and an inductance. Loosely coupled to this oscillatory circuit is a secondary 
circuit to which the patient is connected. A high-frequency ammeter is connected in 
series with the patient to measure the magnitude of the treatment current. Figure 1 is a 
diagram of such a generator. More recently vacuum-tube oscillators (see Section 7) have 
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Fie. 1. Diathermy Apparatus Using Spark-gap High-frequency Generator 


1, Step-up transformer; 2, spark gaps; 3, condenser, and*4, inductance forming oscillatory circuit 
which resonates at 500-1000 ke; 5, coil coupled to oscillatory circuit; 6, 7, condensers; 8, high- 
frequency a-c ammeter; 9, leads to electrodes. 


been designed for this purpose. They are connected in a manner similar to that shown in 
Fig. 2. It will be noted that the two circuits are identical in all essential features with the 
two types of radio transmitters known respectively as spark and continuous-wave trans- 
mitters. 

Various techniques are used for producing a high-frequency electromagnetic field within 
the part that is to be treated. Thus, the output of the oscillator is sometimes applied to 
two metallic plates between which the part of the body to be treated is placed. Alter- 
natively the output of the oscillator may be fed to a cable which can be wrapped in the 


Fic. 2. Diathermy Apparatus Using Vacuum-tube Oscillator 


1, 110-volt, 60-cycle a-c supply; 2, plate voltage transformer; 3, vacuum tube; 4, 5, oscillating cir- 
cuit; 6, grid leak and grid condenser; 7, blocking condenser; 8, r-f choke; 9, inductively coupled output 
coil; 10, output leads to ammeter and patient. The cathodes of the vacuum tubes are heated by cur- 
rent from an additional secondary coil (not shown) of transformer 2. 


form of a solenoid around a body part or shaped into a spiral coil (the technical term is 
pancake) which can then be fixed against one side of the part to be treated. The special 
electrodes required for surgery are described in article 6. 

Apparatus using a magnetron operating at 2450 Me is now available. Radiation is 
emitted by one of several parabolic reflectors 6 to 10 cm in diameter excited by a dipole. 
The radiation is thus confined to a relatively sharp beam. 

Because of the very important danger of interference with communication facilities, 
the F.C.C. has prescribed the frequencies permitted for diathermy and the frequency 
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stability that is required. The frequencies so assigned are: 13,560 ke + 6.78 ke; 
27,120 ke + 160.00 ke; 40,680 ke + 20.00 ke; 2450 Mc + 50 Me, available for experi- 
mental work. 


5. DIATHERMY TECHNIQUE 


If the frequency of the alternating current applied to the human body is indefinitely in- 
creased, an ill-defined point can be found (order of magnitude of 10,000 cycles per second) 
beyond which no sensation other than warmth is felt. The minimum amplitude of alter- 
nating current which produces pain by passage through the human body varies with the 
frequency of the alternating current and with the subject. Average values obtained by 
a number of workers are as follows: 


AVERAGE 
FREQUENCY, TOLERANCE, 
cycles per second milliamperes 
Ge en Ree nee areca ct corre ODOC ar one Oboe nC 3 8 
10,000 tolerance current, increasing gradually to....... 25-— 30 
100,000 tolerance current, increasing quickly to......... 250-600 


Heating effects, only, are noted above 100,000 cycles per second. As a result it is pos- 
sible to increase the current flowing through the body to values as high as 5 amp. This 
causes a sensible dissipation of heat within the tissue. For this purpose frequencies 
above 750 ke per sec are used. It has been discovered that heat produced internally 
is effectual in the treatment of certain diseases. The name diathermy has been given 
to the treatments characterized by the internal heating effect of high-frequency alter- 
nating currents. Electrodes several square centimeters in area are used in order that 
the current may be distributed approximately uniformly over a large area. Other ma- 
chines in which the patient is not in contact with electrodes, but is placed in a strong high- 
frequency electromagnetic field (between ‘‘condenser”’ electrodes), have been constructed 
for the purpose of heating the entire body or, more commonly, large portions of the body. 
It is possible to raise the body temperature as much as 3 or 4 deg C by this means. The 
method has proved useful in the treatment of syphilis, pleurisy, neuritis, and other diseases. 
The currents normally used range from 0.5 to 5.0 amp. 


6. HIGH-FREQUENCY SURGERY 


If one large electrode is applied to a part of the body and a second electrode consisting 
of a large platinum needle is brought in contact with any other part of the body, the re- 
sultant current density is so high at the point of application of the needle that the tissue 
may be completely destroyed by heat. This method, which is called electrosurgery, is a 
relatively recent development. The small blood vessels severed by means of the high- 
frequency knife are normally sealed by the heating action, and bleeding is therefore con- 
siderably reduced. Basically, there is no difference between the equipment used for 
diathermy and for high-frequency surgery. 
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THE MEDICAL USES OF ULTRAVIOLET 
AND INFRARED RADIATIONS 


7. APPARATUS 


Apparatus for the production of ultraviolet radiation includes the carbon-are generator, 
the quartz-enclosed mercury-are generator, and the mercury glow-discharge lamp enclosed 
in quartz or Corex, a glass which transmits a useful amount of ultraviolet radiation. One 
of the chief objections to the carbon-are generator is its production of relatively high- 
intensity visible and infrared radiations. In addition to the above-mentioned lamps, 


which have relatively high outputs, several special lamps have been developed for home 
use under medical supervision. 
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One of these—the Mazda RS lamp—is rated at 110 volts 275 watts. At a distance of 
24 in. this lamp will produce a mild reddening (erythema) of the skin in about 5 min. The 
lamp is strong in those radiations that produce sunburn (2800 to 3200 angstrom units). 
There is also a relatively strong infrared beam produced chiefly by a tungsten filament in 
an atmosphere of argon and nitrogen. 

The outer envelope of the Mazda RS lamp is made of special glass that transmits in- 
frared and visible radiation, and ultraviolet radiation of wavelengths greater than 2800 A. 
A reflecting surface is deposited on the interior surface of this envelope; the radiation is 
emitted through the circular (12-cm diameter) end of the lamp opposite the screwplug. 
A tungsten filament, which operates as a series ballast after the initial preheating period, 
is mounted in the outer envelope; the space is filled with argon and nitrogen. 

Within the larger outer envelope, there is a quartz capsule containing an oxide-coated 
filament and a second, initially cold, electrode; this capsule contains mercury. 

When the lamp is initially connected to 110-volt 60-cycle alternating current, the outer 
(tungsten) filament and the inner (oxide-coated) filament are connected in series. After 
approximately 30 sec, when the oxide-coated filament acquires a sufficiently high tem- 
perature for copious emission of electrons, a thermal delay switch within the tube operates 
to connect the initially cold electrode of the quartz capsule to the terminal of the supply 
opposite from the terminal connected, through the tungsten filament, to the oxide-coated 
filament and disconnects the oxide-coated filament. The mercury arc then strikes, be- 
coming stable as the initially cold electrode becomes heated by bombardment. The are 
in the mercury vapor at a pressure of approximately 1.1 atmospheres then operates in 
series with the tungsten filament; the filament and are emit ultraviolet, visible, and in- 
frared radiation. The manufacturer recommends a l-min. ‘‘warm-up”’ period before use. 

Glow-discharge mercury tubes operating at voltages as high as 5000 volts and currents 
of the order of 15 ma produce radiation almost entirely of the emission frequency line of 
mercury having a wavelength of 2537 A. This radiation is strongly bactericidal. Since 
it also requires low-power input, this type of lamp is often used to irradiate the area in 
operating rooms and in other places where air-borne bacteria are to be minimized. Ex- 
periments using these devices in schoolrooms are being conducted. 

Since the mercury-arc lamp enclosed in quartz produces a relatively high-intensity radi- 
ation at wavelengths from 2483 to 4047 A, and since this apparatus is relatively stable 
in operation after a few minutes of operation, it is now the most common source for med- 
ical purposes. The total power input to such a device is from 250 to 400 watts, and its 
output of ultraviolet radiation is of the order of 225 microwatts per square centimeter at a 
distance of 1 meter without a reflector. 

Special photoelectric cells connected to integrating circuits and counters have been 
devised to measure the outputs of ultraviolet generators throughout various bands of 
wavelengths. However, such standardizing measurements have: not been very often 
applied to clinical use. 

Infrared radiation is produced chiefly by electrically heated wire operating at temper- 
atures from 800 to 1600 deg C or by means of incandescent tungsten lamps with or without 


filters. 
8. THERAPEUTIC USE OF ULTRAVIOLET RADIATION 


It has been known for many years that sunlight has a definitely beneficial effect upon the 
human body. Since 1800 the spectra of light emitted by the sun and by electric arcs have 
been analyzed and more attention has been directed to the specific photochemical effects 
of the various parts of the spectrum. More or less arbitrarily, ultraviolet radiation has 
been defined as radiation with a range of wavelengths from approximately 4000 to about 
40 A (1 angstrom unit = 1078 cm). The solar spectrum extends down to approximately 
2900 A but under average atmospheric conditions at sea level there is negligible radiation 
below 3000 A. It has been shown that most of the ultraviolet radiation incident upon the 
human body from the sun or from artificial sources is absorbed in the surface tissues. The 
penetration is 0.1 mm or less. 

There has been much speculation as to the biological processes produced by ultraviolet 
radiation, which has so far resulted largely in contradictions and disagreements among 
authorities on the subject. 

The first noticeable effects of ultraviolet radiation are erythema, or reddening of the 
skin, usually followed by pigmentation. Each individual has a different tolerance to 
ultraviolet radiation. What may cause a pronounced erythema in one may produce no 
effect upon another. It has been discovered that certain non-soluble fats, particularly 
ergosterol, form vitamin D when irradiated by ultraviclet rays. This substance is present 
in the human body, and normal exposure to sunlight is one method for supplying the 
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definite need of the body for vitamin D. Although there is no question as to the beneficial 
effects of sunlight and artificial sources of ultraviolet radiation when exposures are care- 
fully controlled, enthusiasm on the part both of physicians and of laymen has led to dan- 
gerous overexposures to both natural and artificial sources of this form of energy. It has 
not been proved that exposure to direct sunlight is essential to the physical well-being of 
the normal healthy human. 

Treatment by ultraviolet radiation is useful in cases of rickets, high blood pressure, and 
some skin diseases. It has been shown definitely that ultraviolet radiation produces 
directly and indirectly a substantial rise in the amount of calcium and phosphorus in the 
blood. The treatment is in general use for rickets in infants and has been remarkably 
successful. Certain experimenters believe that the effect of ultraviolet rays on the nervous 
system is stimulating. A number of psychiatrists have recommended the treatment for 
neurasthenia and some of the psychoses. 

After Pasteur’s discovery that small living organisms are the cause of many diseases 
and also of fermentation, experiments were performed to find the effects of various types 
of radiation upon these organisms. It was found that ultraviolet rays were potent in 
bactericidal action, particularly in the 2600 A region. 

Different parts of the body vary considerably in sensitivity. For example, twenty to 
thirty times as much ultraviolet radiation is required to produce an erythema of the soles 
of the feet than of the face, which is the most sensitive part. Even small doses which 
penetrate to the eyeball can cause serious damage; therefore all patients receiving ultra- 
violet treatment are required to wear goggles made of glass which absorbs practically all 
the ultraviolet radiation. Practically no ultraviolet radiation is transmitted through 
window glass and very little through smoky atmosphere. Therefore sunlight may be used 
as a source of therapeutic ultraviolet rays to the best advantage in special regions—for 
example, in high mountains where there are generally very few clouds and practically no 
dust or smoke. Since the ultraviolet content of sunlight varies with latitude, season, time 
of day, and atmospheric conditions (such as ozone, water vapor, dust, and smoke) it is im- 
portant to measure the intensity in the region of 2900-3200 A during treatment. 


9. THERAPEUTIC USE OF INFRARED RADIATION 


Infrared radiation is used for surface heating, either of a small circumscribed area or for 
the surface of an entire leg or arm. One of the chief effects is the production of increased 
blood flow near the surface, and this may, in turn, cause more deep-seated changes. 

It is possible also to change the temperature of the entire body. Thus the body may 
be placed in a heat-insulated housing inside of which incandescent lamps or other heating 
elements raise the temperature of the body and of the area surrounding it. Since there is 
no way for this heat to be entirely radiated, the temperature of the body is caused to rise. 
Such whole-body heating may also be accomplished by means of diathermy. 
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ELECTROCARDIOGRAPHY AND ELECTRO- 
ENCEPHALOGRAPHY 


10. APPARATUS 


_Muscular contractions and the functioning of nerves are accompanied by measurable 
differences of electric potential at the surface of the body. Thus the time-varying dif- 
ferences of potential between the right arm and the left arm, the right arm and the left leg 
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the left arm and the left leg are used by cardiologists to interpret the action of the heart; 
these differences of potential are called respectively the potentials of Lead I, Lead II, and 
Lead III. The measured differences of potential are of the order of a few millivolts. An 
electrocardiogram for Lead II for a normal patient and a heart sound record made simul- 
taneously are shown in Fig. 1. For the electrocardiogram, a vertical deflection of one 
small division corresponds to a difference of potential of 0.2 mv. 


cn 


Fie. 1. Electrocardiogram 


Lower.—Electrocardiogram, Lead II, normal patient. The letters P, Q, R, S, and T are standard 
_ symbols for designating the waves thus marked. 
Upper.—Heart sound record made simultaneously with the electrocardiogram above. 


Electrocardiographic apparatus requires the following component parts: (1) a device 
for transforming the electromotive force generated by the heart into the motion of a light 
beam or of a shadow; (2) a camera with moving film or paper to record the deflections of 
the light beam or shadow; (3) devices for calibrating the abscissa (time) and the ordinate 
(electromotive force) on the electrocardiogram. 

Einthoven developed a system similar to that shown in Fig. 2. A silvered quartz string 
with variable tension is held perpendicular to an intense constant magnetic field produced 
by an electromagnet. A calibrated ex- 
ternal source of electromotive force is 
used as standardizer. A variable resist- 
ance and associated battery are used to 
compensate for skin currents (described 
below under technique). <A specially 
adapted camera, with a tuning fork or 
other timing device, is used to record 
the deflection of the string produced by 
the heart action. 

It has been shown that the Einthoven 
string galvanometer produces distortion 
due to the change in its response with 
frequency; furthermore, as is described 
below, it requires, for an adjustment of 


sensitivity, a change in the string ten- 
sion which produces further distortion. 
Therefore, efforts were made to use 
galvanometers with more uniform fre- 
quency response. It was found that 
the use of carefully constructed ther- 
mionic amplifiers in association with 
these new galvanometers provided in- 
struments of great flexibility and sta- 
bility. The cardiographic paper or film 
can be driven by a synchronous motor, 
so that the time abscissas are the same 
for all cardiograms. 


Fic. 2. Outline Diagram of Einthoven String Electro- 
cardiograph 


1, galvanometer conducting string of silvered quartz, 
suspended with controllable tension between the poles 
of an electromagnet (not shown) which produces a mag- 
netic field in the direction of the arrow 2; 3, light source 
to obtain, with system of lenses not shown, an image of 
the string upon the moving photographic film in the 
camera 4; 5, 6, ashunt, of about one-tenth the resistance 
of the string, and a switch; 7, 8,9, 10, the compensator, 
a series circuit which introduces an adjustable electro- 
motive force in series with the string to compensate for 
skin current; 11, 12, 13, 14, 15, a circuit for introducing 
a calibrating emf of 1 mv in series with the string; 16, 
leads to the patient. 


It is most convenient to describe the technique of electrocardiography by reference to 
the Einthoven instrument shown in Fig. 2. A resistance 5 is connected in parallel with 


the string, reducing its sensitivity by a ratio of 10 to 1. 


One area on each arm of the 


patient is rubbed with a contact paste and a metal electrode is applied. This corresponds 
to the designation described above as Lead I. A switch is closed connecting the patient 
to the electrocardiograph. The galvanometer deflects, owing to what is called skin cur- 
rent. The slide of 9 is then moved until the galvanometer string is returned to its zero 
position. This operation balances out the skin current, which is constant and plays no 
part in the interpretation of the electrocardiogram. After the compensator is adjusted, 
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the shunt 5 across the galvanometer string is disconnected. This increases the amplitude 
of swing of the fiber. The standardizing circuit is then connected by closing switch 14 
and opening switch 11. The circuit 12, 13, 15 is designed to produce a potential drop of 
1 mv across the resistance 13. This throws the image of the string across the screen. An 
adjustment of the mechanical tension of the string is made so that the application of the 
j-mv standardizing voltage produces a deflection of exactly 1 cm. The standardizing 
voltage is then removed by opening switch 14 and closing switch 11, and the electro- 
cardiogram for Lead I is taken by means of a paper moving at constant speed past the 
beam of light through the galvanometer. For each centimeter deflection of this record 
an electrocardiographic impulse of 1 mv is necessary. The same procedure is followed for 
Leads II and III. The moving photographic paper passes before a glass screen upon 
which lines 1 mm apart are ruled in the direction of motion of the paper, while a 
synchronous motor turns a bladed wheel through the light beam at right angles to the 
direction of motion of the paper, producing a series of time-marking lines spaced at 
0.04-sec intervals. 

The procedure described can be accomplished quickly in practice. The entire operation 
is illustrated in Fig. 3. This description applies to the older type of electrocardiograph, 

from which the underlying principles can be clearly 

p understood. The routine use of a modern electro- 

cardiograph is characterized by practical simplic- 

ity, although a description of this procedure would 

not illustrate so clearly the fundamental charac- 
; teristics, 

H The modern electrocardiograph may be battery 
operated or it may operate from a 110-volt 60-cycle 
source. It is usually a self-contained portable de- 
vice, and the records may be produced on film or 
photographic paper or—more recently—may be 

: : fn directly recorded on paper that may be examined 

Pe epee eames aa made 3t as soon as it is produced. These devices are 

patient. At (1) the standardizing voltage equipped with stabilized audio-frequency ampli- 

of 1 mv is connected in series with the gal- fiers feeding into specially designed galvanometers. 

bee i aircon a aaa een a are 8 The frequency characteristic of these electro- 

normal patient. cardiographs results in the reproduction, at nearly 

constant levels, of frequencies from 0.5 to 50 or 

100 cycles per second. Because of the susceptibility of these high-impedance amplifiers 
to hum pickup, special hum-bucking input circuits are incorporated. 

An electroencephalograph is used to record time-varying changes of potential between 
pairs of electrodes in contact with various parts of the scalp; the magnitudes of these dif- 
ferences of potential are from a few microvolts to approximately 100 mv. The component 
frequencies of the electroencephalographic signals are less than 1000 cycles per second. 
It follows, therefore, that an electroencephalograph can be a device similar to an electro- 
cardiograph except that (1) the amplification must be about 100 times greater in the 
electroencephalograph, and (2) it is considered essential to provide fourteen-channel in- 
put (and two- to six-channel output) for the electroencephalograph instead of four-channel 
input which is used in the electrocardiograph. 


Fia. 3. Calibration of Electrocardiograph 


11. TECHNIQUES 


Since the middle of the nineteenth century it has been known that an. electromotive 
force is generated within the heart during the period of contraction of this muscular organ. 
The precise causes of this effect are unknown. Nevertheless, the methods for measuring 
the variations of this electromotive force with time have been carefully standardized, and 
statistical records have been made for many years. By associating these records with 
case histories, a technique has been evolved for diagnosing certain diseases of the heart 
which is, in many instances, remarkably valuable. The development of electrocardiog- 
raphy has shown the benefits of carefully standardized scientific methods more than most 
other special fields of medicine in which electrical equipment has been used. 

When the so-called ‘‘brain waves’’ are recorded by means of an electroencephalograph 
the wave forms are found to vary with age, with the somatic state of the individual, with 
the state of mental health of the individual, and with many other factors. Thus the de- 
velopment of this field of investigation has been based upon the recording of many elec- 
troencephalograms, their analysis and intercomparison, and finally attempts at diagnosis 
based upon these analyses. The electroencephalograph now finds clinical use in the 
corroborative diagnosis of epilepsy and, in many cases, in the localization of brain tumors. 
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ELECTROACOUSTIC DEVICES 


12. AIDS TO THE DEAF 


Those whose hearing is deficient require aids designed upon the basis of a quantitative 
study of their relative deafness. For this study a device called the audiometer is used; 
this instrument consists essentially of a vacuum-tube oscillator capable of producing 
practically pure tones accurately controllable as to pitch and intensity in head receivers. 
The pitch proceeds by octaves from 32 double vibrations per second to 16,384, with an 
intensity range of 10°. Charts called audiograms have been made, showing the thresholds 
in sensation units, of hearing and of pain, for thousands of subjects with normal hearing. 
By comparing the audiograms, both the type and degree of deafness may be estimated. 
This constitutes a valuable aid in diagnosis and also is a useful adjunct for the prescription 
of hearing aids. 

Many who are deaf learn to read lips. Care must be taken, therefore, to eliminate this 
source of error from tests of hearing aids, even though lip-reading may become a part of 
the method of understanding speech after the hearing aid is adopted. Some who have 
been deaf for a period of years require a considerable amount of time to learn to under- 
stand sounds heard with the aid of an electric device. 

Hearing aids usually consist of a small microphone, a battery, and a special light-weight 
electromagnetic or crystal receiver. The system is designed to produce at the ear, as 
nearly as possible, an amplified replica of the sounds incident upon the microphone. If 
such a simple device does not amplify sufficiently, an amplifier using vacuum tubes may 
be added. 

In recent years, the development of so-called ‘“‘miniature”’ and ‘‘hearing-aid”’ tubes and 
of small batteries and printed circuits has considerably reduced the size and weight of 
such equipment. 

More elaborate devices have been made for those whose hearing is especially deficient, 
in some instances the apparatus being designed to suit the individual requirements. as 
determined from studies of the audiograms and the personal characteristics of the subject. 
Among the more elaborate examples of this type of hearing aid is the two-channel system 
in which two high-fidelity, velocity microphones are connected individually to two high- 
quality amplifiers, equipped with filters especially designed to compensate for the auditory 
deficiencies of the subject. The outputs of these two systems are then connected to in- 
dividual headphones so that each ear of the subject has an entirely separate channel, 
separately connected, and affording corrected binaural (two-ear) hearing. 


13. THE STETHOPHONE 


About 1924 a device for picking up human heart sounds by means of a microphone and 
amplifying these sounds was developed and given the name ‘‘stethophone.”’ The original 
purpose of the device was to make it possible for students in the amphitheater of the heart 
clinic to listen simultaneously with the demonstrator to the heart sounds of the patient 
under examination. The device had the additional advantage over the ordinary stetho- 
scope of producing louder sounds in the listener’s ear. It was further shown that by the 
insertion of electrical filters it was possible to eliminate portions of the audible frequency 
spectrum in order to concentrate upon certain specific sounds. This means of selective 
listening proved an aid in the diagnosis of murmers and other cardiac abnormalities. 
More recently this device has been used by physicians who are somewhat hard of hearing. 

RECORDING OF HEART SOUNDS. Heart specialists have also shown that it is of 
value to record the heart sounds on a moving strip of paper or film simultaneously with an 
electrocardiographic record. This dual record has proved an aid in the diagnosis of certain 
cardiac disorders, and also for purposes of research into the mechanism of the heart. 
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ROENTGEN THERAPY 


i4. PURPOSE AND GENERAL TECHNICAL REQUIREMENTS 


A short time after the announcement by Roentgen of the discovery of x-rays in 1895, 
a number of physicians began to use the new radiation for the treatment of certain diseases. 
It has been only since 1920, however, that important detailed data have been recorded and 
correlated. It has been definitely determined that the absorption of x-rays by living 
tissue can cause the destruction of that tissue. Destruction of a given type of tissue is 
dependent upon the dose rate (in roentgens per minute; see below), the duration and 
frequency of treatments, the area of the irradiated skin surface (portal), the total dose, 
and probably other factors as well. The destructive action is radically different with dif- 
ferent kinds of tissue. The reproductive cells of the human body are most sensitive, and 
the bones are least affected. The treatment of malignant tumors, such as cancer, is based 
upon the fact that, to a certain extent, it is possible to cause destruction of the diseased 
tissue without permanently damaging normal surrounding tissue. 

X-rays generated by means of a hot-cathode tube have continuous spectra character- 
ized by a minimum wavelength dependent upon the maximum x-ray tube voltage. The 
shorter the wavelength, the more penetrating is the radiation (see also Section 4, x-ray 
tubes). For these reasons the kind of x-ray equipment chosen for therapeutic use de- 
pends upon the site of the diseased portion which it is intended to treat. If, for example, 
it is desired to treat the skin, it may prove desirable to use radiation of a wavelength of 
the order of 1 A. Such radiations are sometimes called Grenz rays. The most generally 
used x-ray therapy apparatus is operated at x-ray tube voltages of 50 to 400 kvp (peak 
kilovolts). <A filter consisting of a few millimeters of aluminum, a few tenths of a milli- 
meter of copper, or a combination of the two, is inserted between the x-ray tube and the 
patient. This filter absorbs a large part of the low-frequency radiation which would other- 
wise be absorbed by the skin. The filtered x-ray energy penetrates to the site of disease, 
and a reasonable proportion is absorbed and helps to produce the desired effect. Treat- 
ments by x-ray therapy have been apparently beneficial in some cases, particularly if the 
diseased part is properly diagnosed early in its development. 

The gamma rays of radium have been valuable in treating cancer. It has therefore been 
assumed that x-ray apparatus capable of generating radiation comparable in frequency 
to gamma rays might prove useful. Experiments in this direction have led to the con- 
struction of tubes and apparatus capable of operating at 600 kvp to 2 Mev. 

APPARATUS. The high-voltage generator (50-400 kvp) required for exciting an 
x-ray therapy tube is usually constructed with one of the following typical circuits as a 
basis (see also Section 7, Power Supply): (1) half-wave thermionic rectification; (2) special 
half-wave rectified voltage-doubling circuits with condensers (see Fig. 1); (3) full-wave 
thermionic rectification with condensers (nearly constant potential). 

Two kinds of apparatus have been devised and put into relatively common use for oper- 
ation at 1 and 2 Mev. 

In one of these devices a van de Graaff generator and an x-ray tube are assembled in a 
steel tank into which air is introduced at a pressure of several atmospheres, the spark- 
over potential gradient of gases at high pressures being considerably greater than at nor- 
mal atmospheric pressure. The van de Graaff generator consists of a continuous belt of 
insulating material mounted on two pulleys, one of which is at ground potential and is 
driven by a motor. Near the bottom pulley electrodes are mounted in front of and in 
back of the belt. A difference of potential is applied to these electrodes so that negative 
charges (electrons) are deposited on the belt. Thus the moving belt effectively carries a 
negative charge toward the top pulley. Surrounding this upper pulley there is mounted 
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a hollow metal electrode to which a brush near the belt is connected. Electrons from the 
belt are conducted to the exterior surface of the hollow electrode, which thus acquires a 
negative charge. The cathode of the x-ray tube is connected to this upper electrode of 
the generator; the anode of the tube is grounded. In order to maintain uniform potential 
gradient throughout the length of the tube, cylindrical accelerating anodes are sealed into 
the glass column of the tube and connected to taps on a resistor which in turn is connected 
in parallel with the generator. The potential of the upper electrode with respect to ground 
increases at the beginning of operation until the sum of the resistor current, the x-ray tube 
current, and the leakage currents is equal to the rate at which charge is carried up on the 
belt. Thus, the tube operates at constant potential at voltages from 1 to 2 Mey, and 
currents of the order of a few tenths milliampere are obtained. 

The second type of equipment used for voltages above 1 Mev employs the same kind 
of x-ray tube as the device described above but a different kind of high-voltage generator. 
The generator consists of an auto transformer (air core) operating at 180 cycles per second. 


Fie. 1. X-ray Therapy Apparatus, with Half-wave, Voltage-doubling Circuit 


5, a-c leads; 6, auto-transformer; 8, a-c voltmeter; 9, exposure timer; 10, high-tension transformer; 
13, thermionic valve; 14, d-c milliammeter; 15, x-ray tube of which 16 is the anode, 17, the cathode; 18, 
cathode a-c ammeter; 19, the cathode heating transformer; 20, the cathode current regulator; and 
27, the condenser. 


The primary consists of a few turns of wire near the anode end of the tube wound coaxially 
with the axis of the tube. The secondary consists of a series of coils (each connected to 
an accelerating anode in the tube) mounted one above the other along the tube so that the 
top coil is approximately at the level of the cathode of the tube. This apparatus is en- 
closed in a steel tank into which ‘‘Freon”’ gas is pumped at a pressure of approximately 3 
atmospheres. 


15. TECHNIQUE 


The x-ray tube mountings are arranged so that the patient may recline in a comfortable 
position during treatment. A lead-lined cone protects the patient and operator from 
scattered radiation. The radiation coming through the filter upon the patient is thus 
confined to an area of 10-400 sq cm called a portal. Investigations have been made to 
determine how much radiation is absorbed at various depths within the tissue. Sometimes 
in order to get the desired absorption within a deeply seated tumor it is necessary to turn 
the patient and to give several exposures through different portals, the central x-ray beam 
passing, in each case, through the tumor. This method of cross-firing prevents the ab- 
sorption in any particular skin area from exceeding a tolerable dose. The distance from 
the tube to the patient is generally 50 to 100 cm. Tubes operate at currents of 5 to 30 
ma, and the time of exposure may be from 5 to 45 min. 

Just as with ultraviolet treatment, the individual tolerance must be investigated to 
prevent x-ray burn. In general a large factor of safety is allowed to prevent such a pos- 
sibility. 

The unit of x-ray dosage is called the roentgen. It is defined in terms of measurement 
by means of an ionization chamber. The roentgen is the quantity of x- or gamma-radia- 
tion such that the associated corpuscular emission per 0.001293 gram of air produces (in 
air) ions carrying 1 esu of quantity of electricity of either sign. It is assumed and ap- 
parently justified by empirical results that this measurement parallels the biologic effect 
of x-rays. The unit is an international standard. In some laboratories an ionization 
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chamber is connected at all times; and in a few, the chamber operates an electric counter 
which integrates the total dose and turns off the power supply to the x-ray tube after the 
desired exposure. In other laboratories the x-ray machine is calibrated by means of a 
sphere gap and a milliammeter which measure respectively the peak kilovoltage supply to 
the x-ray tube and the average current through the x-ray tube. This calibration in turn 
is referred to the results of ionization-chamber measurements made several times each 
year. 


BIBLIOGRAPHY 


Charlton, E. E., W. F. Westendorp, G. Hotaling, and L. E. Dempster, New Million-volt X-ray Outfit, 
J. Applied Phys., Vol. 10, 6, 374 (1939). ; 

Duggar, B. A., Biological Effects of Radiation. McGraw-Hill (1936). : 

Glasser, Otto, Editor, Science of Radiology. Charles C. Thomas, Springfield, Ill. (1933). 

Glasser, Otto, L. S. Taylor, Edith Quimby, and J. L. Weatherwax, The Physics of Radiology. Hoeber 

1944). 

Med W.B., The Physics of X-ray Therapy. Churchill, London (1929). 

Robertson, J. K., Radiology Physics. Van Nostrand (1941). 

van de Graaff, R. J., and J. G. Trump, Design of a Million-volt X-ray Generator for Cancer Treatment 
and Research, J. Applied Phys., Vol. 8, 9, 602 (1937). ‘ : 

Weyl, Charles, S. R. Warren, Jr., and D. B. O'Neill, Radiologic Physics. Charles C. Thomas, Spring- 
field, Ill. (1941). 


ROENTGENOGRAPHY AND ROENTGENOSCOPY 


16. PURPOSE, GENERAL TECHNICAL REQUIREMENTS, AND 
TECHNIQUE 


In the first group of experiments performed by Roentgen the following x-ray phenomena 
were observed. 

1. X-rays, incident upon photographically sensitive emulsions, produced a latent image 
similarly to visible light. Development of the emulsion produced a darkening of the film 
or plate throughout the area traversed by x-rays. 

2. X-rays, incident upon barium platino cyanide, produced a visible (fluorescent) radi- 
ation. 

3. X-ray absorption was greater for a given thickness of absorbing material in materials 
of high density than in materials of low density. For a given absorbing material x-ray 
absorption was found to be greater as the thickness increased. 

These three facts form the bases of modern roentgenography. 

The physically measurable characteristics of a roentgenogram of a part of the human 
body which are most important for medical diagnostic purposes are: (1) roentgenographic 
density; (2) roentgenographic contrast; (3) roentgenographic sharpness. Roentgeno- 
graphic density and photographic density are identically defined as the logarithm to the 
base 10 of the ratio of light incident upon a particular area of film to the intensity of light 
transmitted through this area. Density is a function of x-ray intensity, therefore of x-ray 
tube voltage, distance of the plate from the x-ray tube, current through the x-ray tube, 
time of exposure, and of several less important factors, and also of the type of photographic 
material and of the method of development and the fixing and drying of this material. 
Density is, of course, a function of the physical characteristics of the object which is roent- 
genographed. Roentgenographic density may be measured with a polarization photom- 
eter or a photoelectric densitometer, or, for rougher approximation, densities may be com- 
pared by eye. This last method is most unsatisfactory. Roentgenographic contrast is 
the difference between the two densities of two areas of the roentgenogram and is there- 
fore a function of the same variables as roentgenographic density. If it is desired to per- 
ceive the difference produced roentgenographically by tissue of nearly similar x-ray ab- 
sorption characteristics in the object roentgenographed, then it is important to control the 
technique of roentgenography so as to make this difference clearly visible to the eye. 
Roentgenographic sharpness is the ability of a particular roentgenographic equipment to 
reproduce precisely borderlines between contiguous but definitely different densities. In- 
formation deduced from the physical measurements of these characteristics is influenced 
greatly by physiological and psychological factors associated with the viewing of roent- 
genograms, which factors have not as yet been completely investigated. 

In order to roentgenograph any particular part of the human body a tube having a very 
small focal spot is necessary. It is also advisable to remove the film and object from the 
tube as far as possible in order to decrease distortion due to magnification of those parts oO; 
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the object not in contact with the film. Since the focal spot of the x-ray tube is not a 
point there will be some loss in roentgenographic sharpness due to its finite size. If the 
object to be roentgenographed may be kept stationary for a moderately long period of 
exposure, the focal spot may be made correspondingly small. This method is employed 
for roentgenography of teeth and bones. If the part to be roentgenographed is con- 
tinuously in motion a relatively short exposure is necessary, in order to arrest this motion 
sufficiently. Therefore, to roentgenograph parts such as the human chest the x-ray tube 
focal spot must be made correspondingly larger in order to dissipate rapidly the energy 
necessary for short exposure time. For roentgenography of the chest and heart, exposures 
of 1/39 to 1/5 sec are used. For roentgenography of other parts of the body the exposure 
time may be from 1/2 to 20 sec. 

To control the contrast in the roentgenograms the voltage of the x-ray tube is varied. 
The x-rays produced by high voltages are more penetrating than those produced by lower 
voltages. The voltage of the x-ray tube is generally measured by means of a sphere gap 
and is calibrated, for the particular current used, against the primary voltmeter reading. 
The x-ray-tube current for exposures longer than 3 sec is measured by a d-c d’Arsonval 
miliammeter. For very short exposures a ballistic milliampere-second meter is used to 
measure the total quantity of electricity passing through the x-ray tube. The timer for 
short exposures is arranged to make and interrupt the primary current at zero points of 
the first and last half cycle of the exposure. The target-film distance is varied, depending 
upon all the other factors involved; it generally has a value between 0.5 meter and 2 meters. 

Secondary radiation from the heavier parts of the human body emanates in all direc- 
tions, causing a general fogging effect over the whole area of the film and therefore reducing 
the contrast so important for accurate diagnosis. To minimize this, the Potter-Bucky 
diaphragm, consisting of a series of parallel lead strips perpendicular to the film and sep- 
arated from each other by non-absorbing strips, is made to move over the surface of the 
film during exposure. The lead strips effectively absorb cross-radiation (secondary radi- 
ation) and therefore make better diagnostic results possible. Table 1 gives approximately 
the techniques required for making roentgenograms of various parts of the human body. 


Table 1. Technique for Roentgenography and Roentgenoscopy 


Focal Spot- | X-ray Tube} X-ray Tube Exposure | Intensi- 
Purpose film Distance, | Peak Volt- Current Time, fying 
meters age, kvp | Average, ma seconds Screens 
General roentgenoscopy.......... 0.5-1.0 60-90 2-10 20-60" Fete cence 
Roentgenography 
EL aur eetiaeie lots fe tirshatteve eters tarsi cre, wercals 0.7-1.0 50-60 50 We5 No 
DUD O Wisin rcnsrelevene ass feeconer nein eagel's 0.7-1.0 40-60 50 Te No 
Siti] Gemcass oc ania mitre aeee OO 0.7-1.0 60-75 100 i Yes 
Spine (use Bucky diaphragm)... 1.0 60-90 200 1 Yes 
Colon (use Bucky diaphragm)... 1.0 60-90 100 1 Yes 
Ghestiensas dit aoe mera ae - 1, 25-2.0 45-85 30-500 0. 4-0. 033 Yes 


17. APPARATUS 


Roentgenoscopic apparatus comprises simply a high-tension transformer with the 
secondary connected directly to the x-ray tube (self-rectification) and a control apparatus 
for adjusting the x-ray-tube voltage and current to predetermined values from 60 to 90 
kvp and from 2 to 10 ma. Portable roentgenographic machines are usually self-rectified. 
In order to avoid excessive voltage on the x-ray tube during the inverse half cycles, roent- 
genographic apparatus for use at 30 to 500 ma makes use of thermionic rectifiers. Up to 
100 ma, a single thermionic rectifier is connected in series with the x-ray tube, resulting in 
half-wave rectification. At higher x-ray-tube currents (the usual ratings are 200 and 500 
ma), four thermionic rectifiers are connected in a bridge circuit to produce full-wave recti- 
fiers. In addition there are a few roentgenographic machines using three-phase rectifiers; 
there are also roentgenographic machines in which a high-voltage condenser with a ca- 
pacitance of 0.25 to 1.0 uf is charged and subsequently discharged through the tube with 
effective exposure times of less than 1/19 sec. 

Several pieces of auxiliary equipment are essential for the production of good roentgen- 
ograms. Generally the film is contained in a light-tight cassette having a front plate of 
thin Bakelite or thin aluminum. Inside the cassette two intensifying screens, one on 
either side of the film, are arranged to maintain close contact with the film when the cas- 
sette is loaded. The x-rays passing through the screens excite fluorescence in the calcium 
tungstate or zine sulfide contained therein, and this fluorescent light radiation records 
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upon the film. Screens now used produce about 95 per cent of the total roentgenographic 
density, the other 5 per cent being caused by the direct absorption of x-rays in the film 
itself. 

Conventional techniques require the use of 14-in. by 17-in. films for a roentgenogram of 
a chest. If it is desired to make chest films of many individuals, the cost is extremely 
high. This has led to the development of photofluorographic equipment for making x-ray 
surveys of the chest to discover early lesions of tuberculosis and other abnormalities. In 
this apparatus the x-rays which have traversed the patient impinge upon a fluorescent 
screen mounted in a light-tight box, opposite which a photographic camera is focused upon 
the screen. The camera records the image from the screen on 35-mm or 70-mm roll film, 
or on 4-in. by 5-in. flat film. Although the sharpness of the images of such photofluoro- 
grams is inferior to the sharpness of a roentgenogram, the results are believed by many 
radiologists to be accurate enough for surveys. 

In order to standardize photofluorographic techniques, an automatic timing device has 
been developed. Light from a part of the screen is focused upon an electron multiplier 
tube, the output of which is integrated and used to operate a switch to discontinue the 
exposure at the end of the time required for producing the proper density on the film. This 
automatic timing device is now being tested for possible application to standard roentgen- 
ographic procedures. 

The techniques of medical roentgenography have been increasingly used and further 
developed in the examination of industrial products. Thus the equipment operating at 
2 Mey is capable of producing a satisfactory record on x-ray film of steel as thick as 12 in. 
The gamma rays from radium are also utilized to make films of metal parts. These are 
extremely valuable methods of inspecting the industrial products in order to detect faults 
within the product without destroying the product. 


BIBLIOGRAPHY 


MeNeill, Clyde, Roentgen Technique. Charles C. Thomas, Springfield, Ill. (1939). 

Robertson, J. K., Radiology Physics. Wan Nostrand (1941). 

St. John, A., and H. R. Isenburger, Industrial Radiology. 2nd Ed., Wiley (1943). 

Mae ca 5 R. Warren, Jr., and D. B. O’Neill, Radiologic Physics. Charles C. Thomas, Springfield, 
5 41). 


18. MISCELLANEOUS DEVICES 


Of the many electrical devices used in medicine that are not mentioned in the sections 
above, three pieces of apparatus are briefly described in this section. 

The electron microscope is a device in which a beam of electrons traverses a thin sample 
of tissue or other material and impinges upon a fluorescent screen or film to produce an 
enlarged image representing a pattern of the specimen. The electron beam is controlled 
by means of electrostatic or electromagnetic lenses. The RCA type EMU isa recently de- 
veloped commercially available electron microscope. The magnification can be varied 
from 100 to 20,000; the resolving power is somewhat less than 100 A. The device operates 
with a maximum difference of potential of 50 kvp. Films made on the electron microscope 
can be photographically enlarged so that the overall magnification may exceed 100,000. 
Among the limitations of the device are: (1) it is extremely difficult properly to prepare 
specimens; and (2) the specimen may be destroyed or seriously modified in structure by 
the electron beam. 

The betatron is a device for accelerating electrons to velocities closely approaching the 
speed of light. It consists of a laminated iron core with an air gap. Between the poles of 
the gap there is mounted a doughnut-shaped vacuum tube into which pulses of electrons 
with a duration of about 2 usec and velocities corresponding to approximately 80 kvp can 
be injected into the evacuated space. A winding on the core is fed from a source of 180- 
cycle alternating current in order to produce across the air gap a magnetic field in which 
the flux density varies sinusoidally with time; the first rising one-quarter cycle of the flux 
(1/720 sec) actuates the device. The pulse of electrons is injected into the doughnut a few 
microseconds after the magnetic flux has passed through zero and is increasing. Sub- 
sequently, the increasing magnetic field causes the electrons to be accelerated; they trav- 
erse the circular path within the tube several hundred thousand times in 1/799 sec. It is 
possible so to shape the pole pieces that these electrons will remain in a stable circular 
orbit during their acceleration. At the end of the period (1/729 sec) they are caused to 
spiral outward from the stable orbit and to impinge upon a target, causing the production 
of x-rays. Betatrons for producing electron velocities corresponding to 20 Mev have been 
in use for several years, and an experimental model of a 100 Mev betatron has been an- 
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nounced by the General Electric Company. At high equivalent voltages, some of the 
phenomena observed in cosmic-ray studies have been produced in the laboratory for the 
first time. 

A cyclotron is a device for accelerating protons and heavier positive ions. Its operation 
depends upon two facts: (1) charged particles traveling at right angles to a constant mag- 
netic field traverse a circular path with constant linear velocity in the absence of an electric 
field; (2) charged particles are accelerated in the presence of an electric field in the direction 
of their motion. Near the center of a shallow, cylindrical evacuated cavity, positive ions 
are emitted from a suitable source at very low velocities. The cylindrical space is sur- 
rounded by two semicircular dees, and the source of ions is located in the gap between the 
dees. A source of high-frequency alternating voltage is applied to the dees so that those 
positive ions that are emitted during the peak of a particular half cycle are accelerated 
toward the dee which, at that instant, is negatively charged. Upon entering the dee the 
effect of the electrostatic field becomes negligibly small, and the electrons would continue 
in a straight line except that the dees are mounted in the gap between the poles of an 
electromagnet excited by direct current. Thus the ions that have been initially ac- 
celerated by their first traverse of the gap between the dees travel in a semicircle inside 
the dees until they again reach the gap. The high-frequency source of potential between 
the dees is adjusted so that the ion will be again accelerated as it crosses the gap the second 
time. 

This process is repeated, and the radius of the semicircle increases each time the ions are 
accelerated by the electric field. Thus the ions spiral outward and are subjected to two 
increases in acceleration during each revolution. After several hundred revolutions the 
ions spiral outward to the maximum diameter of the dees and are then emitted tangentially 
through a window. By placing various materials in the path of the beam outside the 
cyclotron, important nuclear experiments can be carried out. For example, when protons 
are accelerated in the cyclotron and permitted to impinge on beryllium, neutrons are pro- 
duced in relatively large quantities. The largest of these devices, 184 in. in diameter, was 
constructed at the University of California under the direction of Dr. E. O. Lawrence, 
the inventor of the apparatus. The cyclotron has been used for many important experi- 
ments in the phenomenal developments of nuclear physics. Note that the operation of the 
cyclotron in its simplest form depends upon the following fact: The time required for ions 
to move through one semicircle remains constant regardless of the linear velocity as long 
as the velocity is not comparable with the velocity of light. Ions in cyclotrons with equiv- 
alent voltages of 20 Mev or less sutisfy the condition. 

Several suggestions have been made of methods for accelerating both electrons and 
positive ions to velocities corresponding to voltages of 108 or 10° volts, and development 
of these methods is now proceeding. 
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HIGH-VOLTAGE SHOCK AND X-RAY BURN 


19. HIGH-VOLTAGE SHOCK 


The physiological effects of a high-voltage electric shock may be classified in two groups: 
the major effects, such as cessation of respiration or heart action; and the less serious effects, 
such as fractures and internal injuries due to falls, and also burns. 

The first necessary action is to remove the victim from the circuit without touching him 
with bare hands. If it is not possible to open the circuit by means of a switch near at hand, 
then it is usually effective to move the conductor, or the victim, with a non-conductor. 
A physician should be summoned immediately, and it is important to administer first aid 
or artificial respiration immediately while awaiting his arrival. If the victim is breath- 
ing, heart stimulants may be administered hypodermically. The body should be rubbed to 
produce external warmth, and the clothing should be loosened in order to excite con- 
sciousness. 
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If the victim does not breathe, artificial respiration should be applied as follows: Lay 
the subject face down with arms and legs extended, and turn the face one side so that the 
mouth and nose are free for breathing. Remove foreign bodies such as tobacco, gum, 
and false teeth from the mouth, and have an assistant draw the subject’s tongue forward. 
Kneel, straddling the subject’s thighs, facing his head; rest the palms of the hands on the 
muscles of the small of the back with fingers spread over the lowest ribs. With arms held 
straight, swing forward slowly so that weight is gradually brought to bear upon the sub- 
ject. This operation should take 2 or 3 sec. Immediately swing backward, removing 
the pressure. Repeat this procedure 12 or 15 times a minute, a complete respiration in 
4 or 5 sec. Continue artificial respiration at least an hour without interruption or until 
the physician arrives. Do not give any liquid by mouth until the subject is fully con- 
scious. After the victim breathes again, shock treatment may be administered as out- 
lined above. If any bones have been fractured or if the victim appears to have received 
internal injury do not move him any more than is necessary and prepare for removal to 
the nearest hospital. 

If the victim has received burns the surface of the skin should be protected from the air. 
Cut around any clothing that sticks to the burns and saturate adhering cloth or cotton 
dressing with 1/2 per cent solution of picric acid or a solution of baking soda, about 1 
teaspoonful to a pint of water. 
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20. X-RAY BURN 


As noted under the section on roentgen therapy the effect of x-rays on living tissue is 
always destructive. This effect is cumulative; that is, the successive application of small 
doses may cause destruction of living tissues. Workers in x-ray laboratories should be 
properly protected from exposure by the installation of lead or lead glass protective shields 
about the x-ray tube. If the worker must be in the field of the x-rays, he should wear a 
protective lead rubber apron, hood, and gloves. X-rays produced by low x-ray-tube 
voltages are absorbed almost completely by the skin. To eliminate these x-rays, which 
have normally no useful effect in treatment or roentgenography, a filter of 1/2 mm or 1 
mm of aluminum is placed between the x-ray tube and the patient. 

The first effects of x-ray burn are reddening and itching of the skin and falling hair. 
Later, open sores may develop, which may subsequently cause the destruction of large 
areas. 

Standards of x-ray protection have been set up and internationally accepted. These 
standards should always be observed rigorously. It is necessary to make periodic tests by 
having workers carry small pieces of light-protected film with a narrow lead strip covering 
part of the outer casing. These films are carried over a period of several working days and 
are then developed to discover whether any fogging has occurred on those portions of the 
film not protected by the lead strip. Such fogging indicates the need of more effective 
protective measures. Ionization chambers, similar in shape and size to fountain pens, 
may be charged and worn by a worker for several hours, and the exposure in fractions of a 
roentgen may be measured by means of a calibrated electrometer. Although there is some 
controversy concerning the magnitude of the safe daily tolerance dose, a commonly ac- 
cepted value is 0.05 roentgen per day. 
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A board, 17-08 
AN.G., 7-125 
A.W.G., 1-65, 1-68, 2-10 
Ab, 1-43 
Abamp, 1-46 
Abamperes, conversion factors, 1-59 
Abampere-turns, conversion factors, 1-64 
Abbreviations for engineering terms, 1-71 
Abcoulombs, 1-43, 1-44, 1-46 
conversion factors, 1-58, 1-59 
Aberrations, 14-11 
eye, 14-29 
Abfarads, 1-43, 1-46 
conversion factors, 1-62 
Abhenrys, 1-46 
conversion factors, 1-63 
Abmhos, 1-46 
conversion factors, 1-62 
Abohm-centimeters, conversion factors, 1-61 
Abohms, 1-46 
conversion factors, 1-61 
Absolute, abbreviation, 1-71 
altimeters, 22-32 
coulomb, 1-43 fn 
electrical system, 1-44 
gain of directivity in antennas, 6-71 
joule, 1-57 
units of electrical measure, 1-44 
Absorption coefficients, acoustical material, 12-48 
measurement, 12-48 
dielectric, in liquids, 2-51 
in solids, 2-23 
sound, see Sound absorption 
Absorptivity, 12-40 
Abvolts, 1-46 
conversion factors, 1-60 
A-c amplifiers, 21-16 
equivalent circuit of vacuum tubes, 4-07 
-operated receivers. filament power for, 7-106 
power used for filament and plate supplies for 
transmitters, 7-108 
Acceleration, cgs unit, 1-46 
conversion tables, 1-53 
linear, conversion table, 1-53 
mks unit, 1-46 
of gravity, 1-53, 1-79 
symbol for, 1-46 
Acetone, 2-49 
Acme, properties, 2-04 
Acoustic design, auditoriums, 12-41, 12-69, 12-70, 
12-71, 16-11 
broadcasting studios, 12-41 
court rooms, 12-41 
motion-picture studios, 12-41 
music rooms, 12-41, 12-74 
theaters, 12-41) 
impedance of ear, 12-04 
medium, effects, 13-02 
physical properties, 13-02 
reaction of, on a diaphragm, 13-02 
radiators, 13-08 
mechanical impedance to motion, 13-03 
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Acoustics, 12-02, see also Sounds 
auditorium, 12-41, 12-69, 12-70, 12-71, 16-11 
decay curves, 12-49, 12-50 
domed ceilings, 12-70 
ergodic state, of rooms, 12-41 
geometric, 12-41 
measure of reverberation, 12-48 
good, practical procedure for obtaining, in 
buildings, 12-76 
procedure for obtaining, 12-76 
requirements, 12-40 
polycylindrical sound diffusers, 12-70, 12-71 
properties of rooms, 12-39 
echo, 12-40 
effective sound pressure, 12-39 
intensity level, 12-40 
mean free path, 12-40 
multiple echo, 12-40 
noise, 12-40 
pressure level, 12-39 
rate of decay, see Acoustics, rate of decay 
requirements for good, 12-40 
reverberation, see Reverberation 
sabin, 12-40 ° 
sound energy density, 12-40 
sound intensity, 12-40 
transmittivity, 12-40 
velocity level, 12-40 
rate of decay, 12-40, 12-48 
curves obtained with high-speed level re- 
corder, 12-49 
high-speed level recorder, 12-49 
non-linear, 12-49 
ray, of rooms, 12-41 
warble tone for reverberation measurements, 
12-49 
wave, 12-41 
wave form produced at glottis in speech, 12-19, 
12-20 ‘4 
Acre, abbreviation for, 1-71 
-feet, conversion factors, 1-49 
Acres, conversion table, 1-48 
Acrylates, 2-34 
Acrylic resins, 2-34 
Active power, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46, 1-73 
Adaptation, light, 14-33 
Adcock antennas, 6-87, 6-88, 22-06 
Address systems, 16-14 
Adequate coupling, 6-09 
Adjacent-channel interference, in f-m systems, 
8-30 
Adjustable capacitors, 3-55 
inductors, 3-52 
resistors, 3-17 
standards, 11-22, 11-23 
Admittance, symbol, 1-72 
Admittances, driving point, 5-07 
mutual, 5-06 
transfer, 5-07 
Advance, properties, 2-04 
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Aerotronics, 22-30 
Age, effect of, on hearing, 12-07 
Aging, 3-04 
Air, 2-54 
acoustic properties, 13-02 
condenser, 3-53, 3-59 
dielectric constant, 2-54 
dielectric properties, 2-49 
gap, 2-59, 3-45 
minimum sparking potentials, 2-54 
navigation, radio aids, 22-04 
facilities in new federal airways system, 
22-13 
in federal airways system today, 22-06 
landing systems, proposed, 22-26 
long-range navigation systems, proposed, 
22-31 
miscellaneous, 22-31 
short-range navigation systems, proposed, 
22-28 
terminology, 22-05 
Air-core inductor, 3-31 
transformers in circuits, 6-10 
Airways, federal and civil, 22-02 
Akbar, properties, 2-04 
Alcomax, 2-66 
Alexanderson alternators, 7-94 
multiple-tuned antennas, 6-80 
Alfer, 2-62, 2-70 
Alferon, properties, 2-04 
Alford loop antenna, 6-84 
Algebraic formulas, 1-02 
Alkyd resins, 2-34 
Allocation, television frequency, 20-20 
Alloy wires, of high tensile strength, 2-21 
Alloys, aluminum-iron, 2-62 
beryllium-copper, approximate values for the 
physical properties, 2-11 
cobalt-iron, 2-62 
cobalt-platinum, 2-68 
dispersion-hardening, 2-66 
ductile, 2-68 
for electrical resistance, 2-03 
Heusler, 2-57 
high-permeability, 2-61 
iron-cobalt, 2-62 
iron-nickel, 2-62 
iron-silicon, 2-61 
properties, 2-04, 2-09 
All-pass network, 5-21 
All-wave receivers, 7-124. 
Allyl resins, 2-34 ; 
properties, 2-26 
Allymer, 2-34 
Alnicos, 2-66, 2-67, 2-68 
Alphabet, Greek, use for symbols, 1-79 
Alsimag, 2-34 
properties, 2-26 
Alternating-current, abbreviation, 1-71 
Alternators, 7-94 
Alexanderson, 7-94 
Goldschmidt, 7-94 
Altimeters, absolute, 22-32 
Alumel, properties, 2-04 
Aluminum bronze, properties, 2-04 
-iron alloys, 2-62 
plates, 1-68 
properties, 2-04, 2-10 
sheets, 1-68 
wire (tables), 2-17, 2-18 
Alundum, properties, 2-10 
Alvar, 2-34, 2-47 
A-m receivers, f-m receivers and, 8-16 
measurement, 11-43 


A-m receivers, measurement, using standard test 
loop antenna, 11-47 
miscellaneous measurements, 11-50 
Amber, 2-34 
properties, 2-26 
American Steel and Wire Co.’s gage, 1-69 
Wire Gage, 1-66, 1-68, 1-69, 1-70 
Zinc Gage, 1-66 
Ammeter, graphical symbol, 1-76 
Ammonium dihydrogen phosphate (ADP), 13-56 
properties, 13-68 
use in piezoelectric crystals, 13-56 
useful cuts, 13-69 
Ampere-hour, abbreviation, 1-71 
-hours, conversion factors, 1-58 
-turns, conversion factors, 1-64 
Amperes, 1-43, 1-44, 1-45 
abbreviation, 1-71 
conversion factors, 1-59 
Amphenol 912, 2-34 
Amplification, see article on particular device 
Amplification factor, 4-02, 4-13 
defined, 4-06 
variation, 5-45 
Amplifiers, 7-02, see also Vacuum tubes 
a-c, 21-16 
audio, 16-06 
of radio transmitters, 7-134 
battery tubes used in combination for, 7-21 
bidirectional, 7-13 
booster, 16-09 
bridging, 16-27 
broad i-f, 7-60 
cascade, 7-03 
cathode follower, 7-31, 7-47, 7-48 
class A, 7-02, 7-03 
characteristics, 7-02 
general use, 7-03 
maximum plate power efficiency, 7-02 
plate characteristics, 7-07 
summary, 7-15 
tube characteristics, 7-07 
class AB, 7-02 
class ABs, 7-02 
class B, 7-02, 7-15 
audio, dynamic transfer curves for a 1635 
tube, 7-19 
characteristics, 7-02 
distortion, 7-23 
frequency of grid currents, 7-18 
input resistance, 7-17 
low-power audio, 7-15 
output circuit requirements, 7-18 
plate efficiency, 7-16 
plate loss, 7-16 
power-output calculation, 7-16 
radio, 7-22 
summary, 7-24 
theoretical maximum plate efficiency, 7-02 
type 46, plate characteristics, 7-16 
class C, 7-02, 7-24 
apparent plate resistance, 7-26 
characteristics, 7-02 
circuit calculations, 7-24 
circuit for increased efficiency, 7-26 
efficiency of the plate circuit, 7-25 
grid-leak method of supplying bias, 7-25 
plate efficiency, 7-02 
plate modulation and, 7-85 
power calculations, 7-25 
series tuned circuit, 7-88 
summary, 7-27 
typical circuit, 7-25 
classes, 7-02 
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Amplifiers, combined shunt and series peaked, 
circuit, 7-37 
plate load in terms of frequency and total 
capacitance, 7-38 
series inductance in terms of frequency and 
plate load resistance, 7-39 
shunt inductance in terms of frequency and 
plate load resistance, 7-38 
conditions for regeneration, 7-28 
d-c, 21-16 
defined, 7-02 
direct resistance coupled, 7-04 
Doherty, 7-131, 7-132 
double-tuned circuits, 7-64 
effects of regeneration, 7-28 
electroacoustic equipment, 16-14 
grounded-grid, 7-31, 7-49 
harmonics of, 7-08 
high-power, 7-136 
high-power audio, 7-22 
i-f, 7-56 
as source of gain and selectivity in radio re- 
ceiver, 7-58 
broad, 7-60 
coefficients of coupling, 7-59 
critically coupled circuits, 7-59 
double-tuned stage, 7-63 
flat-topped selectivity curve, 7-59 
for a-m broadcast receivers, 7-58 
for f-m receivers, 7-61 
medium bandwidth, 7-58 
narrow bandwidth, 7-58 
of superheterodyne receiver, 7-121 
opposing couplings, gain and bandwidth of 
i-f stage, 7-60 
opposing inductive and capacitive coupling 
and, 7-60 
pulse technique, illustrated, 9-14 
tuning stability, 7-60 
variable selectivity of, 7-59 
wide-band, 7-58, 7-63 
in-phase, 7-31, 7-50 
inverse feedback, stagger-tuned, vs., 7-70 
inverse feedback i-f circuits, 7-68 
klystron, 4-51 
light-weight class B audio, 7-18 
linear, 7-22 
low-plate-resistance tube, 7-11 
low-power audio, 7-15 
low-power intermediate-r-f, 7-136 
modulated, 7-75 
motorboating of, 7-04 
negative feedback, 7-31, 7-51 
effect on distortion, 7-52 
neutralization of grid-plate capacitance, 7-29 
one-shot, 7-31, 7-53 
oscillator buffer, 4-52 
parasitic oscillation, 7-29 
parasitic self-oscillation, 7-28 
pentode audio power, distortion in, 7-13 
pentode power, 7-13 
pentode voltage, 7-11 
power, 7-131 
and efficiency of grid-bias-modulated, 7-73 
negative feedback applied to, 7-133 
plate-circuit modulation used in, 7-132 
r-f harmonic radiation, 7-132 
shunt neutralization employed in, 7-132 
power amplification, 7-03 
preliminary, 16-06 
prevention of oscillation, 7-29 
program, 16-09 
pulse, see Pulse amplifiers 
pushpull, 7-10 


Amplifiers, radio, intermediate-r-f, 7-129 


r-c coupled, 7-04, 7-90 
regeneration in, prevention of, 7-28 
repeaters, 7-15 
response curve, 7-32 
r-f, 7-22, 7-131 
series peaked, 7-35 
circuit for, 7-36 
plate load in terms of frequency, 7-36 
series inductance in terms of frequency and 
plate load, 7-37 
shunt peaked, 7-33 
circuit for, 7-33 
plate load in terms of frequency, 7-33 
shunt inductance in terms of frequency and 
plate load, 7-34 
1635 class B audio, driver and output circuit 
for, 7-20 
special-purpose, 7-31 
stagger-tuned, inverse feedback vs., 7-70 
single-tuned circuits, 7-64 
suppressor input, screen output, 7-51 
synchronous single-tuned circuits, 7-64 
synchronously tuned, overall band width of, 
7-64 
transformer-coupled, 7-05 
output calculations, 7-07 
transformer-coupled audio, input circuit calcu- 
lations, 7-07 
transformer-coupled class A, 7-07 
triode power, 7-10 
triode voltage, 7-10 
tube, performance calculations from tube con- 
stants, 7-09 
plate efficiency, 7-09 
power output, 7-09 
tuned, 7-06 
tuned coupling, 7-06 
tuned-r-f receivers, 7-56 
tuned-transformer-coupled, 7-06 
uncompensated, plate load in terms of fre- 
quency, 7-33 
uncompensated amplifier stage, 7-32 
unmodulated intermediate stages, 7-130 
vacuum tube, effect of cathode resistor and by- 
pass, 7-44 
variable-gain pentode voltage, 7-12 
variation of gain with frequency of resonance, 
6-11 
voltage amplification, 7-03 
wide-band, 7-31 
alternative designs, 7-64 
circuit for, with constant-K configuration 
low-pass filter-coupling network, 7-40 
consisting of three staggered triples, 7-67 
double-tuned circuits used in, 7-64 
figure of merit, 7-64 
formulas, summary, 7-44 
high-frequency compensation methods, 7-43 
high-frequency response, 7-31 
inverse-feedback amplifiers used in, 7-64 
low-frequency response, 7-44 
Miller capacitance effect of tubes, 7-43 
peaking coil distributed capacity, 7-40 
rise time of pulses, 7-64 
stagger-tuned amplifiers used in, 7-64 
synchronous single-tuned circuits used in, 
7-64 
video amplifier response curves, 7-42 
with constant-K-type coupling network, 
7-39 
wide-band i-f, feedback pair, 7-68, 7-69 
feedback triple, 7-68, 7-69 


Amplitude, distortion, 5-33 
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Amplitude, modulation, 7-71 
distortion due to incomplete rejection of, 
8-27 
distortion from, 8-28 
frequency modulation converted to, 8-17 
incomplete rejection of, f-m distortion and, 
8-26 . 
methods of producing, 7-72 
-modulated radio transmitters, 7-129 , 
Amp-turn, 1-46 
Amy] acetate, dielectric properties, 2-49 
Amy] alcohol, dielectric properties, 2-49 
Analysis of sound, 11-65 
Analyzers, commutated band, 11-66 
‘feedback, 11-60 
heterodyne, 11-61 
intermodulation, 11-61 
machine noise, 11-63 
requirements, 11-56 
resonance, 11-58 
suppression, 11-61 
tuned-reed, 11-65 
Anesthesia, local, 23-03 
Angle, cgs unit, 1-46 
current flow, 7-131 
hyperbolic, 1-10 
incidence, 5-53 
mks unit, 1-46 
plane, conversion table, 1-51 
reflection, 5-53 
solid, conversion table, 1-51 
symbol, 1-46 
trigonometric functions, 1-07 
Angles of rectangular wave guides, 10-21, 10-22 
Angstrom unit, abbreviation, 1-71 
conversion factors, 1-47 
international, 1-79 
Angular acceleration, conversion table, 1-53 
frequency, symbol, 1-73 
localization of sounds, 12-18 
velocity, cgs unit, 1-46 
conversion table, 1-53 
mks unit, 1-46 
symbol, 1-46 
Aniline, dielectric properties, 2-49 
formaldehyde, power factor at high frequen- 
cies, 2-34 
-formaldehyde resins, 2-34 
properties, 2-26 
Annealed copper standard, 2-20 
defined, 2-02 
Anode current, defined, 4-05 
defined, 4-04 
dissipation, defined, 4-05 
graphical symbol, 1-77 
voltage, defined, 4-05 
Anodes, 4-02 
air cooled, 4-03 
classification, 4-04 
radiation cooled, 4-03 
water cooled, 4-03 
Antenna circuit, combination of capacitative and 
inductive coupling, 7-115 
Committee of the Institute of Radio Engineers, 
6-88 
coupling circuit of radio receiver, 7-115 
coupling circuits, 7-116 
effect, defined, 6-87 
sensitivity of loop antenna to, 6-87 
gain and bandwidths, 11-53 
-testing methods, study of, 6-88 
Antennas, see also Radio antennas 
absolute gain of directivity, 6-71 
absorption, 6-64 


Antennas, Adcock, 6-87, 6-88, 22-06 
Alexanderson multiple-tuned, 6-80 
Alford loop, 6-84 | 
antenna images, 6-69 | 
aperture of arrays, 6-73 | 
area efficiency factor of apertures, 6-76 | 
array formed by stacking, 6-73 
arrays, 6-64, 6-73 

for broadcasting, 6-82 
broadside, 6-72, 6-83 
center of radiation, 6-65 
Chireix-Mesney array, 6-65 
circular, 6-85 
classification, 6-64 
cloverleaf, 6-85 
collimating devices, 6-78 
conical, input impedance, 6-66 
cosecant, 6-87 
of radar, 6-72 
counterpoise, 6-69, 6-80 
currents and voltages existing on, 6-66 
curtain arrays, 6-83 
cylindrical, input resistance, 6-67 
cylindrical optics, 6-77, 6-86 
dipoles, electric and magnetic, directional dia- 
gram of, 6-70 
direction finding of, 6-87 
directional, 6-71 
a-m broadcasting, 16-29 
use of, in medium-frequency broadcasting, 
6-74 
directional diagrams of isolated wires, 6-75 
directivity of, effect of soil and terrain, 6-74 | 
directivity of broadcast transmitting, 6-74 
dummy, defined, 11-51 
effective area, 6-72 
end-fire array, 6-72 
field intensity and loop in free space, 6-70 
field intensity, 6-70 
fields associated with, 6-69 
flat-top, 6-80 
folded wire arrays, 6-83 
for aircraft, 6-88 
for broadcast reception, 6-82 
for high frequencies, 6-82 | 
for low frequencies, 6-80 
for medium-frequency broadcasting, 6-81 
for very high and ultra high frequencies, 6-84 
forms of, 6-63 
Franklin arrays, 6-65 
free space transmission law, 6-72 
front feed for reflectors, 6-86 
graphical symbol, 1-76 
ground systems and, 6-69 
grounded-quarter-wave, 6-70 
half-wave, 6-70 
hollow cylindrical, input reactance, 6-67 
horizontal, directional diagram of, as influenced 
by finite conductivity of earth, 6-75 -~ 
inverted-V, 6-83 
lenses, 6-78 
line sources of wavelength power, 6-77 
linear arrays, 6-64 
linear conductor, 6-64 
directivity, 6-73 
principles, 6-65 
long-wire, 6-64 
loop, 6-85 
graphical symbol, 1-76 
sensitivity to antenna effect, 6-87 
magnetic currents, 6-64 
microwave, 6-86 
primary feed, 6-77 
radiation, 6-77 
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Antennas, microwave lobing, 6-87 
Musa receiving, 6-83 
diversity reception, 6-83 
non-directional, 6-71 
using horizontal polarization, 6-85 
non-dissipative, aperture, 6-76 
effective area, 6-76 
omnidirectional, using vertical polarization, 
6-84 
optics of, cylindrical, 6-77 
spherical, 6-77 
parabolic reflectors, 6-78 
paraboloid, beam width, 6-76 
nomogram, 6-76 
wavelength, 6-76 
point sources of wavelength power, 6-77 
practical systems, 6-80 
pylon, 6-86 
quarter-wave, 6-70 
quasi-optical, 6-63 
directivity, 6-76 
lenses, 6-78 
quasi-optical devices, 6-64 
radiated power from vertical grounded wire, 
6-70 
radiation efficiency, 6-68 
radiation from, 6-64 
radiation resistance, 6-68 
RCA broadside arrays, 6-65 
rear feed for reflectors, 6-86 
reciprocity, 6-64 
reflectors, 6-78 
resistance, 6-68 
resonant, 6-81 
resonant-V, 6-83 
rhombic, 6-64, 6-83 
rocket, 6-85 
scanning method, 6-87, 6-88 
shielded loop, 6-87 
short-wave, locations, 6-75 
shunt-fed, 6-81 
simple, components forming total resistance, 
6-68 
equivalent circuit, 6-67 
vertical quarter-wave, 6-70 
single vertical, directional diagram, 6-71 
sterba array, 6-65, 6-82 
tower, 6-81 
transmission lines and, 6-88 
transmitting, a-m broadcasting, 16-28 
f-m broadcasting, 16-29 
turnstile, 6-84 
typical arrays, 6-65 
unidirectional broadside arrays, 6-73 
unidirectional couplet, 6-73 
unzoned lens of reflectors, 6-78 
V-antenna, 6-64 
vertical grounded wire, field intensity, 6-70 
vertical half-wave, directional diagram of, as 
influenced by finite conductivity of earth, 
6-75 
voltage induced in, 6-69 
wave, 6-64 
wave-guide, 6-64 
zoned lens of reflectors, 6-78 
zoning of waves by lens, 6-79 
Anticathode, 4-81 
Anti-hyperbolic sine, 1-10 
Antimony, properties, 2-04, 2-10 
Anti-sine, 1-08 
Apartments, noise levels acceptable in, 12-58 
sound insulation in, 12-57 
Aperiodic disturbances, 5-28 
Aperture distortion, 19-07, 20-30 


Aperture distortion, of arrays, antennas and, 6-73 
of non-dissipative antenna, 6-76 
Apothecaries’ fluid measure, conversion factors, 
1-50 
weight, conversion table, 1-55 
Approximations, mathematical, 1-16 
Arbitrary constants, 1-13 
Arc, conversion factors, 1-48 
defined, 4-58 
graphical symbol, 1-76 
resistance, 2-24 
Arc-back, 4-62 
Architect’s measure, conversion factors, 1-48 
Are, 1-48 
Area, cgs unit, 1-46 
conversion table, 1-48 
efficiency factor of apertures of antennas,6-76 
mks unit, 1-46 
of segment, 1-18 
symbol, 1-46 
Argentan, properties, 2-04 
Argon, dielectric constant, 2-54 
Arithmetical progression, 1-02 
Armite, 2-34 
Aroclors, 2-34 
Arrays of antennas, 6-64, 6-73 
Arrester, lightning, graphical symbol, 1-76 
Arsenic, properties, 2-04 
Articulation, 12-27 
clipping, effects, 12-34 
delay, effects, 12-36 
extraneous noise, effects, 12-33 
frequency shift, effects, 12-35. 
non-linear distortion, effects, 12-34 
percentage, curves for rooms of different sizes 
and different times for reverberation, 12-74 
for rooms, 12-69 
phase distortion, effects, 12-35 
resonance type of frequency distortion, effects, 
12-33, 12-34 
room reverberation, effects, 12-38 
tests, 12-31 
Artificial ear, 12-04 
larynx, 12-21 
respiration, 23-18 
voice, 12-21 
Asbestos, 2-34 
ebony, 2-35 
paper, 2-35 
properties, 2-26 
textiles, 2-35 
wood, 2-35 
Ascoloy, properties, 2-04 
Askarels, 2-52 
Aspect ratio, 20-03, 20-20 
Asphalt, natural, 2-35 
petroleum, 2-35 
properties, 2-26 
relation between dielectric constant and resis- 
tivity, 2-51 
sulfurized, 2-35 
Asphaltites, 2-35 
Astigmatism, 14-12 
Atmosphere, abbreviation, 1-71 
conversion factors, 1-56 
Atmospheric noise, 10-42, 10-48 
pressure, 45 deg cent, 1-79 
normal, 1-79 
Atomic weight, abbreviation, 1-71 
Attenuating band, of filters, 6-33 
Attenuation characteristic (Tchebycheff type) of 
symmetrical filter, 6-56 
constant, symbol, 1-72 
equalizer, 16-28 


6 INDEX 


Attenuation, measurements, 11-82 
minimum, 5-12, 6-57 
Attenuator sections in passive circuits, 6-05 
Attenuators, 3-20 
design, 11-99 
Audible effects of phase distortion, 9-34 
field, 12-05 
frequency ranges of music, speech, and noise, 
12-30 
methods used in frequency measurement, 11-09 
pressure, 12-05 
Audio amplifiers, 16-06 
of radio transmitters, 7-134 
feedback factor, 11-48 
-frequency analysis, 11-65 
-frequency transformers, see Transformers, au- 
dio-frequency 
Audiograms, 23-11 
Auditoriums, acoustic design, 12-41, 12-69, 12-70, 
12-71, 16-11 
noise levels acceptable in, 12-58 
sound level of speech for, 12-73 
Auditory magnitude of sound, 12-11 
nerve fibers, 12-03 
nerves, 12-02 
excitation of, 12-03 
conduction of neural pulses to brain, 12-04 
pitch of low-frequency tones and, 12-03 
ossicles, 12-02 
perspective of sounds, 12-39 
range, 12-09 
sensation area, 12-09 
Aural, radio range, 22-06 
-visual range, 22-08 
Austin-Cohen formula (sky wave propagation), 
10-39 
Automatic direction finder, 22-04 
flight, 22-05 
and landing equipment, 22-22 
volume control, effect on the fidelity of receiv- 
ers, 7-125 
A.V.C., 7-125 
Average, abbreviation, 1-71 
hearing loss, 12-08 
Avogadro’s number, 1-79 
Avoirdupois, abbreviation, 1-71 
weight, conversion factors, 1-54, 1-55 
A.W.G., 1-65, 1-68, 2-10 
Axes, crystalographic, 13-59 
Ayrton-Perry coil, 11-19 


B board, 17-08 
& S gage, 1-67, 2-12 
supply circuit, 7-106 
81 unit, 1-38 
Babbitt permeameter, 2-74 
Back porch, 20-16 
-wall effect, 15-13 
Bactericidal radiation, 23-07 
Baffle, 13-11 
Bakelite, 2-35 
Copolymer Resins, 2-39 
resin, properties, 2-26 
Balanced armature speaker, 13-15 
discriminator, f-m distortion and, 8-28 
power circuit, 10-77 
response to amplitude modulation, distortion 
and, 8-28 
Balata, 2-35 
Ballast lamps, 3-22 
tubes, 4-08 
Balsa wood, 12-51 
Balsam wool, 12-53 
Band frequency analyzer, 11-60 


Band speaker, 13-11 
Band-pass filter, 6-33 
illustrative design, 6-59 
mechanical, 11-63 
Bandwidth, 5-32 
inadequate, f-m distortion and, 8-26 
television, 20-04, 20-06 
Bank winding, 3-31 
Banking rooms, noise level acceptable in, 12-58 
Bar, conversion factors, 1-56 
Barium titanate, properties, 2-30 
Barkhausen effect, 2-69 
Barkhausen-Kurz Oscillator, 7-91 
Barometer, abbreviation, 1-71 
Barrel, abbreviation, 1-71 
Barrier photocells, 15-13 
frequency response, 15-15 
illumination response, 15-13 
sensitivity, 15-14 
structure, 15-13 
wavelength response, 15-13 
Baryes, conversion factors, 1-56 
Base of natural logs, 1-19 
Bass viol, power, 12-25 
Battery, graphical symbol, 1-76 
tubes, used in combinations for amplifiers, 7-21 
Baumé, abbreviation, 1-71 
Beacon, non-directional, defined, 22-05 
omnidirectional, defined, 22-05 
Beads, 20-04 
Beam coupling coefficient, 4-53 
transadmittance, 4-53 
transconductance, 4-53 
width of paraboloid antenna, 6-76 
Bearing, defined, 22-05 
Beat frequency indicator, 11-05 
frequency oscillator, 7-89 
methods used in frequency measurement, 11-06 
Beatnote interference, in f-m systems, 8-29 
Beeswax, 2-35 
properties, 2-26 
Beetle, 2-35 
Bel, 1-37 
Bellini-Tosi loop method of direction finding, 6-88 
Benalite, 2-39 
Bends, defined, 22-06 
of rectangular wave guides, 10-21, 10-22 
Benzene, dielectric properties, 2-49 
relation between dielectric constant and resis- 
tivity, 2-51 
Beryllium-copper alloys, approximate values for 
the physical properties of, 2-11 
properties, 2-04 
Bessel function in frequency modulation, 8-08 
zero, values of, for first 180 modes in circular 
cylinder resonators, 7-104 
Bessel functions, 1-37 
chart, 1-37 
in frequency modulation, 8-04 
values, 8-05 
Bessel’s equation, 1-15 
Betatron, 23-16 
Bias, 4-06 
Bidirectional amplifier, 7-13 
Binaural hearing, 16-02 
minimum audible sound field intensity levels 
in hearing, 12-06 
reproduction, 12-39 
Binocular television, 20-67 
vision, 14-46 
Biotite, 2-39 
“Birdies” in intermediate frequencies, 7-57 
Birmingham Gage, 1-66 
Wire Gage, 1-66, 1-69, 1-70 
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Bismuth, properties, 2-04, 2-10 
Black body, 15-29 
level, 20-13, 20-21 
Blanking, 20-17 
Blocked impedance, 5-65 
Blocking oscillators, 9-18 
pulse duration and, 9-20 
repetition rate of pulses determined by, 9-19 
Blood pressure, 23-08 
Blurring interference, 12-70 
Board measure, conversion factors, 1-49 
Boiling point, abbreviation, 1-71 
Bolometer, 15-04 
bridge, 9-11 
circuits, 11-79 
detector, 11-77 
thermistor, 15-04 
Bolometric methods, for low-power measure- 
ments, 11-77 
Boltzmann constant, 1-79 
Booster amplifier, 16-09 
Bootstrap circuit, 20-10 
Boron, properties, 2-04, 2-10 
Bougie decimales, conversion factors, 1-65 
Bracket, square cross, 5-43 
Brake horsepower, abbreviation, 1-71 
-hour, abbreviation, 1-71 
Brass plates, 1-68 
properties, 2-04, 2-10 
sheets, 1-68 
Breaking load, for solid wires, 2-21 
Brick, 12-65 
Bridge methods, 11-12 
networks, 5-13 
Bridging amplifier, 16-27 
Briggsian logarithms, 1-19 
Brightness, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
television, 20-03, 20-21, 20-66 
Brinell hardness number, abbreviation, 1-71 
British bushel, 1-50 
gallon, 1-50 
Imperial pound, 1-42 
Imperial yard, 1-42 
Standard Wire Gage, 1-69, 1-70, 2-14 
thermal unit, abbreviation, 1-71 
conversion factors, 1-57, 1-64, 1-65 
Broadcast coverage, range, 10-47 
frequency allocation, 16-30 
practices, 16-25 
receivers, 11-43 
average stage gains and second detector sen- 
sitivities for different types produced be- 
tween 1934 and 1946, 7-59 
system, dynamic volume range, 16-34 
layout, 16-26 
tonal range, 16-33 
Broadcasting, frequency modulation, 16-31 
coverage, 16-32 
high-frequency, 16-31 
radio telephone, see Radio telephone broad- 
casting 
standard, 16-30 
coverage, 16-32 
station service, 16-32 
continuity of, 16-33 
interference, 16-33 
studios, acoustic design, 12-41 
sound insulation, 12-57 
television, 20-21 
transmitter plant, 16-28 
Broadside array antennas, 6-72, 6-83 
Bronze, properties, 2-04 


Brown and Sharpe wire gage, 1-66 

Btu, 1-57, 1-65 

Buffer capacitor, of transformers, 6-31 

Buildings, calculations of insulation in design, 

12-69 

industrial, sound insulation, 12-57 
office, sound insulation, 12-57 

Build-up time, 5-35 

Buna N, 2-35 
S, 2-35 

Burn, x-ray, 23-17 

Burrows permeameter, 2-74 

Bushels, British Imperial, conversion factors, 1-50 
dry, conversion table, 1-49 
heaped, conversion factors, 1-50 
struck, conversion factors, 1-50 
U.S., conversion factors, 1-49, 1-50 
U.S. Winchester, 1-50 

Busy test, 17-08 

Butacite, 2-35, 2-47 

Butt treatment, 10-54 

Butvar, 2-35, 2-47 

Butyl, 2-35 
stearate, dielectric properties, 2-49 

Buzz tone in speech, 12-21 

Buzzer output, 11-65 

BWG, 1-69 


Cable Morse Code, 18-04 
Cables, 10-56 
coaxial, 10-57 
conversion factors, 1-47 
length, 1-47 
loading coils, 10-58 
sheath corrosion, 10-63 
principal causes, 10-63, 10-64 
remedial measures, 10-65 
sheath protection, 10-57 
spiral-four disk-insulated, 10-57 
Cadmium, properties, 2-04, 2-10 
Calcite, effective grating space, 1-79 
Calcium, properties, 2-04 
titanate, properties, 2-30 
Calculus formulas, 1-12 
Calido, properties, 2-04, 2-10 
Calorie, abbreviation, 1-71 
Calorimeter in pulse measurements, 9-12 
Calorimetric methods, for high-power measure- 
ments, 11-81 
Calorite, properties, 2-04 
Camera, television, 20-23 
Cancer, 23-12 
Candle, 1-43, 1-46 
abbreviation, 1-71 
-hour, abbreviation, 1-71 
International, 1-43, 1-65 
Candlepower, abbreviation, 1-71 
mean horizontal, abbreviation, 1-72 
spherical, abbreviation, 1-72 
Candles, English, conversion factors, 1-65 
German, conversion factors, 1-65 
International, conversion factors, 1-65 
Capacitance, distributed, of audio-frequency 
transformer winding, 6-24 
electrical, cgs unit, 1-46 
conversion table, 1-62 
mks unit, 1-46 
symbol, 1-46 
electrode, defined, 4-06 
electrostatic, 1-72 
formulas, 3-57 
input, defined, 4-06 
interelectrode, 4-14 
defined, 4-06 
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Capacitance, measurement, 11-24 
audio-frequency transformers, 6-25 
output, defined, 4-06 
standards, 11-20 
symbol, 1-72 
variation, 5-41 
Capacitivity, relative, symbol, 1-72 
space, cgs unit, 1-46 
mks unit, 1-46" 
symbol, 1-46 
symbol, 1-72 
Capacitors, 3-53 
adjustable, 3-53, 3-55 
air, plate spacing, 3-59 
capacitance formula, 3-57 
ceramic dielectric, 3-67 
characteristics, 3-54 
classification, 3-53 
effect of stray capacitance, 3-56 
electrolytic, 3-54, 3-68 
fixed, 3-53 
classified according to dielectric medium, 3-53 
classified according to plate structure, 3-54 
graphical symbol, 1-76 
shielded, graphical symbol, 1-76 
impregnated-paper, 3-53, 3-60 
metalized paper, 3-64 
mica, 3-64 
solid-dielectric, 3-53 
variable, 3-53, 3-55 
graphical symbol, 1-76 
shielded, symbol, 1-76 
Capacity, see Capacitance 
Carat, conversion factors, 1-54 
Carbon dioxide, dielectric constant, 2-54 
_ dielectric properties, 2-49 
minimum sparking potentials, 2-54 
grains, properties, 2-10 
microphone, 13-26 
monoxide, dielectric constant, 2-54 
powder, properties, 2-10 
properties, 2-04, 2-10 
resistors, 3-11 
steels, 2-66 
tetrachloride, dielectric properties, 2-49 
Carbonyl iron, 2-62 
powder, 2-64 
Carcels, conversion factors, 1-65 
Cardiography, 23-08 
Cargo, measurement of, conversion factors, 1-50 
Carrier, effect of shift, 12-35 
frequencies, 10-04 
telephone systems, 17-43 
wave of modulation, 7-70 
Cascade amplifiers, 7-03 
cavity, 4-53 
Casein, 2-35 
plastic, properties, 2-26 
Castor oil, 2-52 
dielectric properties, 2-49 
relation between dielectric constant and resis- 
tivity, 2-51 
Catalin, 2-35 
Cataphoresis, 23-03 
Catenary, equation, 1-05 
Cathode current, defined, 4-05 
for long pulses in vacuum tubes, 9-26 
dark space, 4-59 
follower (amplifier), 7-31, 7-47 
line matching, 7-48 
heating time, 4-08 
-lead inductance, 4-16 
lenses, 14-58 
-ray devices, scanning circuits, 20-08 


Cathode -ray oscilloscopes, 2-76, 11-07 
-ray tube, 4-02, 15-41, 20-08 
bulbs, 15-43 
defined, 4-04 
displays, 15-49 
for magnetic deflection, graphical symbol, 
1-77 
oscillograph-type, 15-47 
defined, 4-04 
high-frequency deflection, 15-47 
scanning circuits for, 20-08 
screens, 15-37 
television picture-reproduction, 15-46 
traces on, photography of, 15-45 
with electrostatic deflection, graphical sym- 
bol, 1-77 
spot, defined, 4-75 
Cathodes, classification, 4-03 
cold, graphical symbol, 1-77 
defined, 4-04 
directly heated, 4-03 
graphical symbol, 1-77 
filamentary, 4-08 
indirectly heated, 4-03 
graphical symbol, 1-77 
ionic-heated, with supplementary 
graphical symbol, 1-77 
material, 4-03 
photoelectric, graphical symbol, 1-77 
pool, graphical symbol, 1-78 
thermionic, 4-02 
unipotential, 4-08 
Cathodoluminescence, defined, 15-30 
Cauterization, 23-03 
Cavity modulation in speech, 12-19 
resonators, 7-95, 11-13 
cavity couplings, 7-103 
circular cylinder, 7-97, 7-99, 7-101 
coupling by means of electron beam, 7-106 
degeneracy in circular cylinder, 7-101 
design of high-Q cavity in TH Oln mode, 
7-103 
elliptical cylinder, 7-101 
formulas, 7-96 
full coaxial cylinder, 7-98, 7-101 
mode chart for circular cylinder, 7-102 
modes, 7-101 
orifice coupling of wave guide to cylindrical, 
7-105 
principle of similitude, 7-101 
right rectangular cylinder, 7-96, 7-99, 7-101 
Ceiling isolator, sound insulation and, 12-60 
radio, 10-37 
Ceilings, domed, reflection of sound from, 12-70 
Ceilometer, 22-13 
Celeron, 2-36 
Cellophane, 2-35 
Cells, cesium oxide, 15-18 
choice of, for various purposes, 15-15 
photoconductive, see Photoconductive cells 
photoemissive, see Photoemissive cells 
photovoltaic, 15-15 
Celluloid, 2-35, 2-36 
properties, 2-26 
Cellulose acetate, 2-35 
-butyrate, 2-36 
power factor at high frequencies, 2-34 
properties, 2-26 
nitrate, 2-36 
properties, 2-26 
propionate, 2-36 
properties, 2-26 
Celotex, compliance and resistance data in insula- 
tion of vibration, 12-62 


heater, 
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Centiare, conversion factors, 1-48 
Centigrade, conversion table, 1-64 
units, 1-43 
conversion table, 1-64 
Centigram, abbreviation, 1-71 
conversion factors, 1-54 
Centiliter, abbreviation, 1-71 
conversion factors, 1-49 
Centimeter, 1-63 
abbreviation, 1-71 
conversion table, 1-47 
cubic, abbreviation, 1-71 
conversion table, 1-49 
-dynes, conversion factors, 1-57 
-gram-second (system), abbreviation, 1-71 
-grams, conversion factors, 1-57 
square, abbreviation, 1-72 
conversion table, 1-48 
Centimetric waves, 1-80 
Ceramic capacitors, 3-67 
Ceramics, 2-36 
Ceresin, 2-36, 2-41 
wax, properties, 2-26 
Cerex, 2-36 
properties, 2-26 
Cesium oxide cells, 15-18 
properties, 2-04 
cgs electromagnetic system, 1-43 
electrostatic system, 1-43 
Chain, square, conversion factors, 1-48 
Chain (Gunther’s), conversion factors, 1-47 
Characteristic (of logarithm), 1-19 
curves, vacuum tubes, 4-31 
electrode, 4-06 
impedance, 10-03 
of speech sounds, 12-20 
Charge density, symbol, 1-72 
electric, symbol, 1-72 
electronic, 1-79 
line d. of, abbreviation, 1-72 
of electron, 1-79 
per unit area, conversion table, 1-59 
Chatterton’s Compound, 2-36 
Chemaco, 2-37 
Chemically pure, abbreviation, 1-71 
Chemigum, 2-35 
Chestnut poles, 10-53 
Cheval-vapeur, 1-58 


China wood oil, relation between dielectric con- 


stant and resistivity, 2-51 
Chlorinated diphenyl, dielectric properties, 2-49 
Chlorobenzene, dielectric properties, 2-49 
Chloroform, dielectric properties, 2-49 
Choke feed, 7-08 

input filter, 7-108 
swinging, 3-48 
Chromax, properties, 2-04 
Chrome steel, 2-63 
Chromel, properties, 2-04 
Chromium, properties, 2-04 
Chronin, properties, 2-04 
Chronograph, 11-04 
Churches, acoustic design, 12-41 
noise levels acceptable in, 12-58 
sound insulation in, 12-57 
Cibanite, 2-34 
Cimet, properties, 2-04 
Circle, equation, 1-05 
mensuration, 1-18 


Circuit Q of unmodulated intermediate amplifier 


stages, 7-130 
Circuits, see also Networks 
air-core transformers, 6-10 
antenna coupling, 7-116 


Circuits, antenna coupling, of radio receiver, 7-115 


bootstrap, 20-10 
butterfly tuning, 11-90 
cathode-ray devices, 20-08 
clamp, 20-16 
clock, 18-40 
coupled, see Coupled circuits 
deflection, 20-08, 20-10 
electric, 5-02 
electronic control, 21-13 
electronic power, 21-02 
elements, 6-02 
envelope delay distortion measuring, 11-35 
for measuring static characteristics, 4-08 
impedance bridge in, 6-12 
inverse feedback i-f amplifier, 7-68 
linear, 5-37 
measurement, conductance, 4-12 
electrode capacitance, 4-14 
Mu factor, 4-13 
transconductance, 4-12 
neutralizing, 6-12 
non-linear, 5-37 
approximate series expansion for plate cur 
rent of a triode, 5-41 
capacitance variation, 5-41 
characteristics of triode with load, 5-42 
current-voltage characteristic, 5-38 
harmonic analysis of current for a sinusoidal 
applied voltage, 5-46 
inductance variation, 5-40 
multi-electrode tubes, analyses for, 5-45 
power series solution, 5-38 
solution, 5-38 
successive approximations, 5-45 
trigonometric series, 5-39 
parallel, resonance, 6-04 
passive, attenuators, 6-05 
complex coupling, 6-07 
elements, 6-02 
pads, 6-05 
phase-measuring, 11-34 
pulse, see Pulse circuits 
pulse shaping, see Pulse shaping circuits 
pulse timing, see Pulse timing circuits 
receiver, see Receiver circuits 
rectifiers, 7-110 
wave form in, 7-107 
regulating, 21-17 
relaxation, see Relaxation circuits 
semi-butterfly, 3-57 
series resonant, 6-02 
simple series, variation of current with fre- 
quency in, 6-03 
variation of voltage components with fre- 
quency in, 6-03 
single-mesh, 5-02, 5-03, 6-02 
circuit Q, 6-04 
dipoles in, 6-05 
elements of attenuator sections, 6-05 
matched impedances in, 6-06 
non-matched impedances in, 6-06 
quadripoles in, 6-05 
series resonant, 6-02 
T section attenuator in, 6-06 
T sections in, 6-06 
voltage relations, 6-02 
thyratron grid-control, 21-19 
timing, 21-14 
transmission, 10-02 
-frequency characteristic, 6-02 
of two single circuits in cascade, 6-10 
transmitter, for f-m transmitters, 8-15 
tuned amplifier, 6-11 
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Circuits, Wheatstone bridge, 4-11 Comet, properties, 2-05 
wire transmission, see Wire transmission lines Common logarithms, 1-19 
Circular, abbreviation, 1-71 abbreviation, 1-71 
antennas, 6-85 year, conversion table, 1-51 
cylinder cavity resonator, 7-97, 7-99, 7-101 Communication systems, coordination of power 
mode chart, 7-102 and, 10-67 
inch, conversion factors, 1-48 Comol, 2-66, 2-67 
mil, abbreviation, 1-71 Comparison measurements, 11-27 
conversion factors, 1-48 Compatability, 20-66 
wave guides, 10-13 Compensated volume control, 7-126 
Clamping or d-c reinsertion of pulse shaping cir- Compensation theorem, 5-12 
cuits, 9-17, 20-16 Complementary impedances, 5-10 
Clapping, 12-30 Complex frequency plane, 5-04 
Clarinet, power of, 12-25 notation, 5-03 
Class A amplifier, 7-02 quantities, 1-0€ 
B amplifier, 7-15 Compliance, 5-57 
C amplifier, 7-24 Composition carbon resistors, 3-11 
Classrooms, noise levels acceptable in, 12-58 Compound coupling, tuned r-f transformer em=- 
Clearance, defined, 22-05 ploying, 6-11 
Climatic loading, 10-51 Compressive strength, 2-26 
Climax, properties, 2-05 Computers, flip-flop circuits, 9-13 
Clipping, effect of, 12-34 two-digit decade counter, 9-09 
Clock circuits, 18-40 Concentrate, abbreviation, 1-71 
synchronons, 11-04 Concentric tube line, 10-09 
Close-tolerance resistors, 3-06 Concrete, acoustics of, 12-66 
Cloth, varnished, 2-47 Condenser constant, 11-21 
Cloverleaf antennas, 6-85 electrolytic, 3-68 
Coaxial cables, 10-57 fixed, graphical symbol, 1-76 
lines, 10-05, 10-09 input filter, 7-108 
Cobalt-iron alloys, 2-62 microphone, 13-24 
-platinum alloys, 2-68 speaker, 13-16 
properties, 2-05 Conductance, electrical, cgs unit, 146 
steels, 2-66 conversion factors, 1-61 
Co-channel interference in f-m systems, 8-30 mks unit, 1-46 
Cochlea of ear, 12-02 symbol, 1-46, 1-72 
basilar membrane, 12-03 measurement circuit, 4-12 
canals, 12-03 measurement, 11-24 
scala media, 12-03 minimum, 5-08 
scala typani, 12-03 of an electrode, 4-11 
scala vestibuli, 12-03 Conducting materials, 2-02 
lamina spiralis ossea, 12-03 definitions, 2-02 
nerve, 12-03 specific, properties, 2-03 
semi-diagrammatic section, 12-03 wire tables, 2-12 
Codes, color, 3-12 Conduction, gaseous, 4-58 
telegraph, 18-02 nerve, see Nerve conduction 
Coefficient, abbreviation, 1-71 Conductivity, abbreviation, 1-71 
absorption, 12-48 defined, 2-02 
decrement, of couplings, 6-09 effective, defined, 2-02 
transmission, 12-63 electrical, cgs unit, 1-46 
coupling, symbol, 1-72 conversion table, 1-62 
resistance-temperature, symbol, 1-73 mks unit, 1-46 
Coercive force, defined, 2-59 symbol, 1-46 
Coercivity, defined, 2-59 equivalent, symbol, 1-72 
Coil, 3-31 of gases, 2-54 
constant, 10-21 of liquids, 2-50 
Cold cathode, graphical symbol, 1-77 symbol, 1-72 
Cold-cathode tubes, 4-72 thermal, conversion table, 1-65 
available types, 4-75 units of, defined, 2-02 
test, 4-74 Conductor, 1-76 
Collimating devices of antennas, 6-78 Conduit, underground, 10-58 
Cologarithm, abbreviation, 1-71 Cone, right circular, mensuration, 1-18 
Color (colors), 14-35 Conference rooms, see Rooms, conference 
adaptation, 14-39 Confusion, width of, 20-04 
chromaticity diagram, 14-38 Conical antennas, input impedance, 6-66 
code, 3-12 Connectors in sound insulation, 12-60, 12-61 
hue discrimination threshold, 14-36 Consonants of speech, 12-20 
sensation, 14-35 Constaloy, properties, 2-05 
specification, 14-37 Constant (constants), abbreviation, 1-71 
stimulus, 14-35 arbitrary, 1-13 
television, 20-65 attenuation, symbol, 1-72 
tolerance, 14-39 current modulation, 7-74 
Colpitts oscillator, 7-83 dielectric, abbreviation, 1-73 
Coma, 14-12 frequency oscillator, 7-87 


Combinations, 1-03 image transfer, 5-13 
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‘Constant (constants), of integration, 1-13 
physical, 1-79 
time, symbol, 1-73 
vibration, symbol, 1-73 
-voltage generator, 4-07 
wavelength, symbol, 1-73 
Constantan, properties, 2-05 
Contact potential, 4-10 
rectifier, 11-17 
Contactors, ignitron, 21-11 
thyratron, 21-11 
‘Continental Code, 18-03 
‘Continuity equation, 5-50 
Continuous waves, 9-02 
Contours of loudness, 12-15 
‘Contrast, roentgenographic, 23-14 
television, 20-03 
Control electrode, 4-04 
grid, 4-04 
-grid plate transconductance, 4-06 
noise, 10-82 
‘Conversation, power of, 12-22 
‘Conversion factors, 1-42 
gain, 11-53 
tables, 1-47 
angular acceleration, 1-53 
angular velocity, 1-53 
area, 1-48 
capacitance, 1-62 
charge per unit area and electric flux density, 
1-59 
current density, 1-59 
density or mass per unit volume, 1-55 
electric conductivity, 1-62 
electric current, 1-59 
electric field intensity and potential gradient, 
1-60 
electric potential and electromotive force, 
1-60 
electric resistance, 1-61 
electric resistivity, 1-61 
energy, work, and heat, 1-57 
force, 1-55 
inductance, 1-63 
length, 1-47 
light, 1-65 
linear accleration, 1-53 
linear velocity, 1-52 
magnetic field intensity, potential gradient, 
and magnetizing force, 1-64 
magnetic flux, 1-62 
density, 1-62 
magnetic potential and magnetomotive force, 
1-64 
mass and weight, 1-54 
plane angle, 1-51 
power or rate of doing work, 1-58 
pressure or force per unit area, 1-56 
quantity of electricity and dielectric flux, 
1-58 
solid angle, 1-51 
specific heat, 1-64 
thermal conductivity and resistivity, 1-65 
time, 1-51 
torque or movement of force, 1-56 
volume, 1-49 
transconductance, 4-22 
defined, 4-06 
‘Coordination, induction, 10-73 
structural, 10-68 
‘Copaline, 2-36 
‘Copel, properties, 2-05 
‘Copper chloride, properties, 2-10 
-clad steel wire, 2-20 


Copper-iron, properties, 2-05 
-manganese, properties, 2-05 
-manganese-iron, properties, 2-05 
-manganese-nickel, properties, 2-05 
oxide, properties, 2-10 
plates, 1-68 
properties, 2-03, 2-10 
sheets, 1-68 
standard, 2-02 
temperature coefficients, 2-03 
wire (tables), 2-12, 2-13, 2-14, 2-15, 2-16 

Cord, abbreviation, 1-71 
of wood, conversion factors, 1-49 

Cordierite, 2-36 
ceramic, properties, 2-26 

Core loss, 2-59 

of power transformers, 6-28, 6-29 
resistance, measurements of, audio-frequency 
transformer, 6-25 
materials for pulse applications, 9-28 
Corkboard, compliance and resistance data in in- 
sulation of vibration, 12-62 

Co-ro-lite, 2-36 

Corona, 2-54 

Corprene, 2-36 

Corronil, properties, 2-05 

Cos, 1-07, 1-21 

Cosecant, 1-07 
abbreviation, 1-71 
antennas, 6-72, 6-87 
hyperbolic, 1-10 

Cosh, 1-10, 1-26 

Cosine, 1-07 
abbreviation, 1-71 
hyperbolic, 1-10 

abbreviation, 1-71 

Cot, 1-07 

Cotangent, 1-07 
abbreviation, 1-71 
hyperbolic, 1-10 

Coth, 1-10, 1-26 

Cottonseed oil, relation between dielectric con- 

stant and resistivity, 2-51 

Coulombs, 1-44, 1-45, 1-46 
absolute, 1-43 fn 
conversion factors, 1-58, 1-59 

Coulomb’s law, 1-46 

Counter electromotive force, abbreviation, 1-71 

Counterpoise, 6-69, 6-80 
graphical symbol, 1-76 

Counters, frequency, 9-13 

Coupled circuits, 6-02, 6-06 
audio-frequency transformers, 6-13 
common impedance in, 6-06 
complex coupling, 6-07 
currents, 6-07 
mutual impedance, 6-06 
overall selectivity curve, 6-10 
pure coupling, 6-07 
resonant, staggered tuning, 6-10 
selectivity, 6-10 
self-reactances, 6-07 
self-resistances, 6-07 
transmission-frequency characteristic, 6-09 
voltages, 6-07 

Couplet, unidirectional, 6-73 

Coupling factor, 6-07 
time constant of pulse amplifiers, 9-14 
units, flexible, 10-18 

Couplings, adequate, 6-09 
capacitance, 6-07 
coefficients, 6-09, 6-10 

symbol, 1-72 
combined self and mutual inductance, 6-07 
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Couplings, compound, tuned r-f transformer em- 


ploying, 6-11 
critical, 6-08 
defined, 6-08 
selectivity, 6-10 
decrement coefficients, 6-09 
deficient, 6-09 
degrees, 6-09 
effect of leakage reactance, 6-11 
inadequate, 6-09 
inductance, 6-07 
loop, graphical symbol, 1-77 
output, 4-47 
mutual inductance, 6-07 
output, magnetrons, 4-47 
reactance, 6-07, 6-08, 6-09 
resistance, 6-07, 6-08, 6-09 
selectivity of i-f amplifiers and, 7-59 
sub, 6-09 
sufficient, 6-09 
* ‘super, 6-09 
types, 6-07 
wave-guide output, 4-47, 4-48 
Course sharpness, defined, 22-05 
Court rooms, acoustic design, 12-41 
Coverage, police radio, 16-37 
Critical angle, 5-54 
coupling, 6-08 
defined, 6-08 
selectivity, 6-10 
grid potential, 4-59 
voltage, 4-40, 4-59 
Cronin, properties, 2-05 
Cronit, properties, 2-05 
Crookes tube, 4-58 
Crosby method of frequency control, 8-13 
Cross arm, 10-55 
lime, 11-41 
modulation, 4-24 
Crossbar telephone system, 17-26 
crossbar switch, 17-26 
marker, 17-26 
multicontact relay, 17-28 
operation, 17-29 
Crosstalk, far-end, 11-38 
interference, in f-m systems, 8-29 
measurement, 11-37 
near-end, 11-38 
Crystal detector, 7-76 
graphical symbol, 1-76 
receivers, 7-117 
oscillators, 7-92 
Crystals, axes, 13-56 
ferroelectric, 13-57 
microphone, 13-25 
piezoelectric, see Piezoelectric crystals 
Csc, 1-08 
Csch, 1-10, 1-26 
Cubic, abbreviation, 1-71 
centimeter, abbreviation, 1-71 
conversion table, 1-49 
equations, 1-03 
feet, conversion table, 1-49, 1-50 
per minute, abbreviation, 1-71 
foot, abbreviation, 1-71 
inch, abbreviation, 1-71 
conversion table, 1-49, 1-50 
measure, 1-49 
meter, abbreviation, 1-71 
conversion table, 1-49 
yard, abbreviation, 1-71 
conversion table, 1-49 
Cumene, dielectric properties, 2-49 
Cunico, 2-67, 2-68 
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Cunife, 2-67, 2-68 
Cupron, properties, 2-05 
Cuprous oxide cell, 15-13 
Curie point, 2-70 
Current (currents), anode, defined, 4-05 
cathode, defined, 4-05 
density, cgs unit, 1-46 
conversion table, 1-59 
mks unit, 1-46 
symbol, 1-46, 1-72 
electric, cgs unit, 1-46] 
conversion table, 1-59 
mks unit, 1-46 
symbol, 1-46 
filament, 4-08 
defined, 4-05 
gas, defined, 4-05 
grid, defined, 4-05 
heater, 4-08 
defined, 4-05 
in coupled circuits, 6-07 
ionization, 4-10 
leakage, 4-10 
defined, 4-05 
loops, 5-26 


maximum secondary, conditions for and values 


of, in two mesh circuits, 6-09 
measurement, 11-16 
nodes, 5-26 
non-sinusoidal, 5-02 
of antennas, 6-66 
plate, defined, 4-05 
space-charge limited, 4-02 
symbol, 1-72 
temperature limited, 4-02 
transferred reactance, 6-08 
transferred resistance, 6-08 
Curtis winding, 11-19 
Curve (curves), common, equations, 1-05 
demagnetization, 2-59 
of permanent-magnet materials, 2-65 
grid characteristic, 4-10 
magnetization, 2-68 
permeability, 2-57 
universal resonance, 6-04 
Cutoff frequencies, of filters, 6-33 
of networks, 6-38 
parabola, 4-40 
voltage, 4-40 
formula, 4-40 
Cycles per second, abbreviation, 1-71 
Cyclohexane, dielectric properties, 2-49 
Cycloid, mensuration, 1-17 
Cyclotron, 23-17 
frequency magnetrons, 4-41 
Cylinder, right circular, mensuration, 1-18 
Cylindrical optics of antennas, 6-77, 6-86 
Cymbals, power of, 12-25 
Cymene, dielectric properties, 2-49 


Damped impedance, 5-65 
wave transmitter, 7-94 ~ 

Damping constant or coefficient, symbol, 1-72 
constants of sounds, 12-20 

Davisson coordinates, 4-09 

Days, conversion table, 1-51 

db, 1-38 

dbm, 1-41 

dby, 1-38 

D-c amplifiers, 21-16 
and low-frequency line testing, 11-41 
component, television, 20-03 
control power supplies, stabilized, 21-14 
reinsertion, 9-17, 20-16 
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D-c telegraph system, 18-18 
Dead-end filter, 5-32 
Deafness, 12-07 
visible hearing and, 12-21 
visual telephony and, 12-21 
Decade resistance boxes, 3-20 
standard, 11-20 


Decahydronaphthalene, dielectric properties, 2-49 


Decane, dielectric properties, 2-49 
Decay of sound, 12-42 

curves, 12-46 
Decibels, 1-37 

abbreviation, 1-71 
Decigrams, conversion factors, 1-54 
Deciliter, conversion factors, 1-49 
Decimal Gage, 1-66 
Decimales, bougie, conversion factors, 1-65 
Decimeters, conversion factors, 1-47 
Decimetric waves, 1-80 
Decineper, 1-37 
Decrement, 6-04 
Decylene, dielectric properties, 2-49 


De-emphasis low-pass filter, f-m receivers and, 


8-31 
Deficient coupling, 6-09 
Definition, television, 20-02 
Deflection, 20-08: . 
electrostatic, 20-08 
output amplifier, 20-61 
magnetic, 20-10 
output amplifier, 20-61 
sensitivity, 15-42 
Degree, abbreviation, 1-71 
Centigrade, abbreviation, 1-71 
conversion table, 1-51 
Fahrenheit, abbreviation, 1-71 
Kelvin, abbreviation, 1-71 
of freedom, 5-56 
Réaumur, abbreviation, 1-71 
Deionization time of gas-filled oscillators, 7-91 
Dekagram, conversion factors, 1-54 
Dekaliter, conversion factors, 1-49 
Dekameter, conversion factors, 1-47 
Delay, 5-36 
characteristics in f-m distortion, 8-26 
defined, 5-36 
distortion, 5-16 
envelope, 5-36 
intercept, 5-36 
lines for pulse circuits, 9-28 
phase, 5-36 
sound, 12-70 
Delta function, 5-27 
Demagnetization curve, 2-59 
of permanent-magnet materials, 2-65 
Demagnetizing factor, 2-73 
Demodulation, defined, 7-76 
Density, cgs unit, 1-46 
charge, abbreviation, 1-72 
conductors, 2-04 
conversion table, 1-55 
current, symbol, 1-72 
energy, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
flux, magnetic, cgs unit, 1-46 
conversion table, 1-63 
mks unit, 1-46 
symbol, 1-46 
mks unit, 1-46 
roentgenographic, 23-14 
symbol, 1-46 
Deposited-carbon resistors, 3-15 
Depth, localization, 12-18 


Depth, perception of, 14-45 
Derivatives, 1-12 
Design, building, calculation of insulation, 12-69 
transformers, 6-22, 6-23, 6-28, 6-31 
Destruction of tissue, 23-12 
Detection, crystals and, 7-80 
defined, 7-76 
distortion-free, 7-81 
linear, 7-79 
detection mutual conductance, 7-81 
detection plate resistance, 7-81 
transrectification factor, 7-81 
rectification diagrams of detecting device, 7-79 
square-law, 7-76, 7-78 
detector circuits, 7-78 
static characteristic of diode, 7-77 
static characteristic of iron contact on ferro- 
silicon, 7-77 
static characteristic of triode, 7-77 
vacuum tubes and, 7-80 
Detectors, 7-76, 11-31 
erystal, graphical symbol, 1-76 
devices serving as, 7-76 
diode, 7-79 
distortion and, 7-80 
frequency, see Frequency detectors 
grid current, 7-79 
ideal characteristie, 7-80 
load rectification diagram for diode, 7-81 
peak, 7-79 
plate current, resistance coupled to succeeding 
amplifier tube, 7-78 
pulse, 9-24, 9-26 
sensitivity, defined, 11-50 
square-law, detection of carriers and, 7-76 
single sideband signals and, 7-76 
tetrode, 7-82 
load rectification diagrams, 7-82 
load rectification of, 7-82 
Determinants, 1-04 
Deviation ratio of frequency modulation, 8-03 
Devices, electro-optical, 15-02 
photoresponsive, see Photoresponsive devices 
thermal, see Photoresponsive devices, thermal; 
Thermal devices 
DF stations, 22-04 
Diamagnetic materials, 2-57 
Diameter, abbreviation, 1-71 
Diaphragms, 13-08 
cone, 13-09 
curvilinear, 13-09 
elliptical, 13-09 
Diathermy, apparatus, 23-04 
technique, 23-06 
Diatonic scale, 11-09 
Dichlorodifluoromethane, 2-56 
Dielectric absorption, in liquids, 2-51 
in solids, 2-23 
coefficient for free space, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
constant, of gases, 2-53 
of insulating material, 2-21 
of liquids, 2-48 
of solids, 2-29 
symbol, 1-73 
flux, conversion table, 1-58 
lenses, use in antennas, 6-78 
losses, 4-18 
materials, solid, 2-25 
properties, of insulating materials, 2-21 
strength, of gases, 2-54 
of liquids, 2-51 
of solids, 2-23 
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Dielectrics, gases as, 2-53 
liquid, 2-48 
Difference limen of hearing, 12-09 
of potential, 1-73 
Differential equations, 1-13] 
operator, 5-29 
sensitivity of hearing, 12-09 
Differentiation of pulse in pulse shaping circuits, 
9-15 
Diffraction, 10-32 
Dilectene, 2-34, 2-36 
Dilecto, 2-36 
Dilver, properties, 2-05] 
Diode, 4-02 
defined, 4-04 
detector, 7-79 
gas-filled, 4-02' 
graphical symbol, 1-77 
load impedance, ratio of alternating-current to 
direct-current in i-f amplifiers, 7-59 
pentode tube of superheterodyne receiver, 7-121 
Diplexing of picture and sound, 20-67 
Diplopia, 14-28 
Dipole, 6-62 
Direct capacitance, 11-24 
current, abbreviation, 1-71 
frequency modulation, 8-12 
frequency control of, 8-13 
radiator speaker, 13-11 
resistance coupled amplifiers, 7-04 
Direction finders, airborne, 22-05 
automatic, 22-04 
finding, 22-04 
of antennas, 6-87 
of rotation (trigonometric), 1-06 
Directional baffle, 13-11 
4 characteristics of long wires in antennas, 6-74 
couplers, 11-73 
diagrams of horizontal and vertical half-wave 
antennas, 6-75 
Directivity, of hearing, 12-07 
of linear conductor antennas, 6-73 
of quasi-optical antennas, 6-76 
of quasi-optical horns, 6-76 
principle of, antennas and, 6-71 
Discrete frequency analysis, 11-59 
Discrimination ratio, 7-115 
Discriminators as frequency detectors, 8-19 
Dispersion-hardening alloys, 2-66 
Displacement, electrical, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46, 1-73 
Display devices, 20-08 
Dissector, image, see Image dissector 
Dissipation factor, 2-22 
Distance measurement, 9-09 
reflection of pulse, 9-10 
return of pulse, 9-10 
-measuring equipment, 22-05, 22-20 
range, defined, 22-06 
viewing, 20-02 
Distortion, 5-16, 14-12 
amplitude, 5-33 
correctors in passive circuits, 6-05 
delay, 5-16 
effects on speech and music, 12-29 
_ -free detection, 7-81 
frequency, 5-16 
effect on sounds, 12-30 
modulation, see ’-m distortion 
in driver transformer, 6-22 
in f-m systems, 8-26 
intermodulation, measurement, 11-33 
introduced by r-f amplifier tubes, 4-24 


Distortion, linear passive networks, 5-16 
modulation, 4-24 
non-linear, 5-38 
effects on articulation, 12-34 
phase, 5-33, 20-05 
audible effects, 12-37 
second harmonic, 4-24 
telegraphy, 18-11 
teletypewriter, 18-15 
third harmonic, 4-24 
Distortionless lines, 5-26 
Distributed capacitance, 3-03, 3-32, 6-14 
Diurnal characteristic, 10-39, 10-41 
Diverse waves in distance observation, 9-09 
Diversity reception of Musa receiving antenna, 
6-83 
Dividers, frequency, 9-13 
Dodecane, dielectric properties, 2-49 
Doherty amplifier, 7-131, 7-132 
Domains, magnetic, 2-68 
Doors, coefficients of sound transmission, 12-65 
noise-reduction factor and, 12-69 
Dosage, x-ray, 23-13 
Dot sequential television, 20-65 
Dozen, abbreviation, 1-71 
Double-pulse generator, 9-24 
-tuned circuits of amplifiers, 7-64 
-tuned transformers, three cascade, f-m distor- 
tion from, 8-27 
two cascade, amplitude characteristic, 8-28 
vibration, 11-02 
Doublet, 5-52, 6-63 
Downward amplitude modulation, f-m distortion 
and, 8-29 
Drachm, conversion factors, 1-50, 1-54, 1-55 
Dram, abbreviation, 1-71 
Dri-film, 2-36, 2-45 
Drift space, 4-51 
Drive-in theaters, 16-25 
Driver circuits, 7-22 
Driver transformers, 6-22 
distortion, 6-22 
frequency response, 6-22 
leakage reactance, 6-22 
turns ratio, 6-22 
winding arrangement of class B, 6-22 
Driving point admittance, 5-07 
impedance, 5-06, 5-10 
Drum, power of, 12-25 
Dry measure, conversion factors, 1-50 
Duality, principle, 5-07 
Ductile alloys, 2-68 
Dumet, properties, 2-05 
Dummy antenna loads, 3-22 
Durez, 2-36 
Durite, 2-36 
DV (double vibration), 11-02 
Dynamic plate resistance, 5-45 
speaker, 13-11 
transfer characteristic, 7-15 
Dynatron oscillator, 7-89 
Dyne, 1-46 
Dyne-centimeters, conversion factors, 1-56 
Dynes, conversion factors, 1-55 
Dynode, graphical symbol, 1-77 


E layer, 10-38 
€ (base of natural logs), 1-19 
Ear, acoustic impedance, 12-04, 12-05 
as viewed through aperture of receiver cap, 
12-05 

artificial, 12-04 

auditory nerves, see Auditory nerves 

auditory ossicles, 12-02 
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Ear, canal, 12-02 
cochlea, 12-02 
description, 12-02 
differential sensitivity and, 12-09 
eustachian tube, 12-02 
inner, 12-03 
helicotrema, 12-03 
semicircular canals, 12-03 
stapes attached to, 12-02 
stirrup, 12-02 
left, semi-schematic section, 12-02 
middle, 12-02 
hammer, 12-02 
malleus, 12-02 
natural frequency and damping constant, 12-04 
outer, 12-02 
oval window, 12-02 
pinna, 12-02 
round window, 12-02 
semicircular canal, 12-02 
sensitivity, 12-05, 12-06 
auditory range, 12-09 
auditory sensation area, 12-09 
classes of determinations, 12-05 
difference between better ear and average of 
both ears, 12-06 
difference limen and, 12-09 
frequency difference limen and, 12-10 
intensity difference limen and, 12-10 
minimum audible field, 12-05 
minimum audible pressure, 12-05 
monaural minimum pressure, 12-07 
population and, 12-06 
possible lower limits, 12-06 
pressure levels and, 12-05 
sound intensity and, 12-05 
stimulation density of auditory nerve endings 
and, 12-12 
thermal-acoustic noise and, 12-06 
threshold of feeling, 12-09 
threshold of hearing, 12-05 
zero hearing loss, 12-07 
Eardrum, 12-02 
malleus attached to, 12-02 
Earphones, see Telephone receivers 
Earth resistivity, effect of, 10-89 
Ebonite, 2-36 
EC, 2-37 
Echelette grating, 11-13 
Echo, 12-40, 12-70 
flutter, 12-40 
in auditoriums, 12-70 
multiple, 12-40 
testing of lines, 11-38 
Eddy-current loss, 2-59 
Edison Wire Gage, 1-69 
Effective area of non-dissipative antennas, 6-76 
conductivity, defined, 2-02 
height, 6-70 
inductance, 3-03 
plate resistance, 5-45 
resistance, measurement, 11-27 
spot width, 20-04 
values, 1-74 
Efficiency, abbreviation, 1-71 
of audio-frequency transformers, 6-16 
of output transformers, 6-18 
plate, 7-09 
symbol, 1-73 
Einthoven galvanometer, 23-09 
Elastance, symbol, 1-73 
Elastivity, symbol, 1-73 F 
Electric, abbreviation, 1-71 
charge, symbol, 1-72 


Electric, circuits, see Circuits 
conductance, 1-61 
conductivity, 1-62 
displacement, symbol, 1-73 
doublet, 5-52 
field intensity, cgs unit, 1-46 
conversion table, 1-60 
mks unit, 1-46 
symbol, 1-46 
flux, cgs unit, 1-46 
density, conversion table, 1-59 
mks unit, 1-46 
symbol, 1-46 
induction, 10-73 
intensity, symbol, 1-73 
moment, symbol, 1-73 
polarization, symbol, 1-73 
potential, conversion table, 1-60 
resistance, 1-61 
resistivity, 1-61 
units, 1-43 
practical, 1-44 
wave filters, see Wave filters 
Electrical conductance, 1-61 
equivalent of heat, 1-79 
quantities, measurement, 11-16 
systems, 5-56 
comparison with mechanical, 5-59 
energy, 5-57 
units, 1-43 
Electricity, medical applications, 23-02 
quantity of, symbol, 1-73 
Electris, properties, 2-05 
Electroacoustic devices, aids to the deaf, 23-11 
equipment, 16-11 
amplifiers, 16-14 
control equipment, 16-14 
transducer, 13-02 
Electrocardiography, apparatus, 23-08 
Electrochemical cauterization, 23-03 
Electrode admittance, defined, 4-05 
capacitance, defined, 4-06 
measurement circuit, 4-14 
characteristic, defined, 4-06 
conductance, defined, 4-05 
deflecting, reflecting or repelling, graphical 
symbol, 1-77 
impedance, defined, 4-05 
resistance, 4-11 
defined, 4-05 
Electrodes, conductance, 4-11 
control, defined, 4-04 
Electrodynamic speaker, 13-11 
Electroencephalography, apparatus, 23-08 
Electrolysis, 10-63 
Electrolytic capacitors, 3-68 
Electromagnetic coupling, 5-64 
horn (antenna), 6-79 
radiation, 5-49 
fields due to a current in a wave, 5-52 
Maxwell’s equations, 5-50 
progressive plane waves, 5-51 
reflection, 5-52 
refraction, 5-52 
Electromechanical-acoustic devices, 13-02 
-acoustic systems, 5-62 
analogues, 5-60, 5-63 
frequency control, 8-14 
oscillators, 7-91 
systems, 5-56, 5-64 
electrostatically coupled, 5-62 
interaction factors, 5-65 
magnetically coupled, 5-64 
stabilization, 21-32 
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Electromotive force, abbreviation, 1-71 
cegs unit, 1-46 
conversion table, 1-60 
measurement, 3-02 
mks unit, 1-46 
physiological, 23-08 
symbol, 1-46, 1-73 
unit, 1-44 
Electron currenis, stray, 4-11 
emission, 4-10 
defined, 4-04 
gun, 15-41 
operation, 15-42 
mass of, 1-79 
microscope, 23-16 
optical systems, general theorems on, 14-63 
optics, 14-49 
prisms, 14-62 
transit angle, 4-53 
tubes, Section 4; see also Gaseous conduction 
tubes; Klystrons; Magnetrons; Vacuum 
tubes; X-ray tubes 
Electronic charge, 1-79 
symbol, 1-73 
control equipment, 21-02 
controls, d-c motor, 21-27 
process instrumentation, 21-32 
resistance-welder, 21-23 
side-register positioning, 21-30 
devices, 21-20 
numerical integrator and computer (eniac), 
9-08 
relays, contact-operated, 21-20 
tuning, 4-55 
sink margin, 4-56 
Electrons, mass, 4-14 
transit time, 4-15 
velocity, 4-14 
Electro-optical devices, 15-02 
Electrose, properties, 2-26 
Electrostatic coupling, 5-62 
deflection, output amplifiers, 20-61 
scanning circuits, 20-08 
lenses, 14-51 
system of units, 1-43 
Electrosurgery, 23-06 
Electrotherapy, apparatus, 23-02 
electrochemical cauterization, 23-03 
galvanic current, 23-03 
iontophoresis, 23-03 
kataphoresis, 23-03 
miscellaneous, 23-03 
Elinvar, properties, 2-05 
Ellipse, equation, 1-05 
mensuration, 1-18 
Ellipsoid, mensuration, 1-18 
Elliptical cylinder cavity resonators, 7-101 
Emergency transmitters, frequency modulation, 
8-15 
phase modulators used for, 8-15 
Emission characteristic, 4-09 
defined, 4-05 
Emissions, electron, 4-10 
grid, 4-11 
Empire, 2-36 
Enamel, 2-36 
varnish, 2-36 
vitreous, 2-36 
properties, 2-26 
wire, 2-36 
End-fire array antennas, 6-72 
Energy, cgs unit, 1-46 
conversion table, 1-57 
density, cgs unit, 146 


Energy, density, mks unit, 1-46 
symbol, 1-46 
dissipation, resistors, 3-03 
efficiency of speaker, 13-10 
integral, 5-35 
mks unit, 1-46 
of mechanical and electrical systems, 5-57 
symbol, 1-46, 1-73 
volume, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
Engineering terms, abbreviations, 1-71 
English candles, conversion factors, 1-65 
Legal Standard Wire Gage, 1-69 
system of units, 142 
Envelope delay, 5-36 
in f-m distortion, 8-26 ; 
double-cavity resonator, graphical symbol, 1-77 
gas-filled, graphical symbol, 1-77 
high-vacuum, 1-77 
shield within, graphical symbol, 1-78 
single-cavity resonator, graphical 
1-78 
Epstein test, 2-75 
Equalizers, attenuation, 16-28 
in passive circuits, 6-05 
loss, 5-16, 5-18 
phase, 5-16, 5-21 
Equalizing pulses, 20-13, 20-17 
Equally tempered scale, 11-09 
Equation, abbreviation, 1-71 
algebraic, 1-02 
Bessel’s, 1-15 
calculus, 1-12 
cireuit, 5-05 
common curves, 1-05 
containing complex quantities, 1-07 
cubic, 1-03 
differential, 1-13 
exponential, 1-10 
hyperbolic, 1-10 
Maxwell, 1-45, 5-50 
mesh, 5-05 
nodal, 5-06 
of common curves, 1-05 
quadratic, 1-03 
simultaneous, 1-03 
linear, 1-04 
trigonometric, 1-07 
wave, 5-51 
Equilateral hyperbola, equation, 1-05 
Equipment, telegraph, see Telegraph equipment 
Equipotential cathode, 4-04 
Equivalent circuit, of crystal oscillator circuit, 
7-93 
of simple antenna, 6-67 
of triode, 6-08 
impedance, 6-08 
negative resistance, 5-49 
network, complete, audio-frequency trans- 
former of, 6-14 
-noise resistances, 4-21 
primary impedance, 6-08 
quadripoles, 5-13 
Ergodic state of acoustics of rooms, 12-41 
Ergs, 1-44, 1-46 
conversion factors, 1-57, 1-58 
Errors of observation, 1-15 
Erythema, 23-07 
Ethocel, 2-37 
Ethofoil, 2-37 
Ethyl abietate, dielectric properties, 2-49 
acetate, dielectric properties, 2-49 
alcohol, dielectric properties, 2-49 


symbol, 
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Ethyl alcohol, relation between dielectric constant 
and resistivity, 2-51 
benzene, dielectric properties, 2-49 
l cellulose, 2-37 
power factor at high frequencies, 2-34 
properties, 2-26 
ether, dielectric properties, 2-49 
Ethylene, dielectric constant, 2-54 
glycol, dielectric properties, 2-49 
Eureka, properties, 2-05 
Eustachian tube of ear, 12-02 
Evanohm, properties, 2-05 
Excello, properties, 2-05 
Excelsior, properties, 2-05 
Exchange telephone plant, 17-78 
cables, 17-93 
design, 17-92 
effective transmission performance, 17-79 
lcop losses, 17-80 
open-wire facilities, 17-96 
service requirements, 17-78 
Exciter lamp, 16-22 
Excitor, graphical symbol, 1-77 
Excitrons, 4-80 
defined, 4-75 
Exhaust fan noise, 11-64 
Exponential formulas, 1-10 
function of x, 1-10 
horn, 13-05 
tables, 1-26 
wave form, repetition rate of pulses determined 
by, 9-19 
Exposure meter, photographic, 15-18 
External, abbreviation, 1-71 
Extrapolation, 4-09 
Eyes, aberrations, 14-29 
depth of focus, 14-30 
movement, 14-28 
optical characteristics, 14-29 
refractive errors, 14-30 
refractive media, 14-26 
resolving power, 14-40 
retinal rivalry, 14-48 
schematic, 14-28 
structure, 14-25 
visual acuity, 14-40 


F layer, 10-38 
Facsimile, 18-38, 19-02 
duplicators, 19-23 
picture elements in, 19-02 
reception of, 19-02 
recorder, phasing, 19-21 
recording amplifiers, 19-16 
recording systems, 19-11 
carbon-paper, 19-15 
comparison, 19-16 
dry electrolytic, 19-13 
photographic, 19-11 
wet electrolytic, 19-12 
scanner amplifiers, 19-07 
frequency spectrum, 19-07 
types, 19-08 
types of signals, 19-08 
scanning systems, 19-02 
methods used in, 19-03 
synchronization, 19-18 
magnetic brake, 19-19 
start-stop, 19-20 
tape systems, 19-23 
transmission of, 19-02 
radio, 19-22 
wire line, 19-22 
Factories, noise levels acceptable in, 12-58 


Factors, conversion, 1-47 
Factory broadcast system, 16-16} 
Fading, 10-45 
reduction of, 7-125, 18-57 
Fahy permeameter, 2-74 
Farad, 1-44, 1-45, 1-46 
abbreviation, 1-71 
conversion factors, 1-62 
Faraday constant, 1-79 
dark space, 4-59 
Faradays, conversion factors, 1-58 
Faraday’s law, 5-50 
Fahrenheit units, 1-43 
conversion table, 1-64 | 
Fathom, 1-47 
Fault location, 11-41 
FCC Standards, television, 20-20 
wave form, television, 20-17 
Feedback, negative, 7-31, 7-51 
of reverberation, 12-47 
Feeling, threshold of, 12-09 
Feet, see also Foot 
conversion table, 1-47 
cubic, conversion table, 1-49, 1-50 
square, conversion table, 1-48 
Felt, hair, 12-63 
Fermat’s principle, 14-02 
Ferroelectric crystals, 13-57 
defined, 13-57 
Ferromagnetic materials, 2-57 
Ferro-nickel, properties, 2-05, 2-10 
Ferrous-cored inductor, 3-42 
Ferry-Porter law, 14-35 
Fiber boards, coefficients of sound transmission, 
12-65 
bone, properties, 2-26 
commercial, properties, 2-26 
vulcanized, 2-37 
Fiberglas, 2-37 
Fibestos, 2-36, 2-37 
Fibron, 2-37 
Fidelity, determination of, in superheterodyne 
receivers, 7-56 
Field, 20-06 
frequency, 20-20 
intensity, 6-70, 10-31 
of view, 20-02 
sequential television, 20-65 
Fields, due to a current in a wire, 5-52 
Fifth, 11-08 
Figure of merit, 3-31 
Filament, defined, 4-04 
current, 4-08 
defined, 4-05 
power, 7-106 
transformer, 6-26 
voltage, changes in, 4-26 
defined, 4-05 
Filamentary cathode, 4-08 
Filters, see also Wave filters 
attenuating band of, 6-33 
B supply, 7-108 
band-pass, 6-33, 6-58 
attenuation (Tchebycheff type) character- 
istic, 6-58 
illustrative design, 6-59 
constant-K section, 6-48 
cutoff frequencies and, 6-33 
design, Tchebycheff type characteristics, 6-56 
elementary symmetrical band-pass sections, 
6-44, 6-45, 6-46, 6-47 
frequency control factors required for specified 
reflection coefficient, 6-57 
general composite, 6-40 


18 INDEX 


Filters, general composite, elementary constitu- 
ents, 6-49 
high-pass, 6-33, 6-58 
constant-K type image impedance, 6-50 
idealized, 5-35 
image impedance of general composite, 6-49 
image impedance (Tchebycheff type) character- 
istic, 6-58 
image impedance theorem, 6-39 
insertion loss for frequencies, 6-33 
low-pass, 6-33, 6-58 
constant-K type image impedance, 6-50 
m-derived sections, 6-48, 6-50 
m-derived terminating sections, 6-54 
design information for, 6-52 
open-circuit transfer impedance, 6-38 
pass band of, 6-33 
image impedance and, 6-36 
simple section, mid-series constant-K imped- 
ance, 6-51 
mid-shunt constant-K impedance, 6-51 
slope, 8-19 
symmetrical, 6-41 
high-pass sections, 6-43 
image transfer function, 6-56 
lattice configuration, 6-41 
low-pass sections, 6-43 
symmetrical sections, 6-39, 6-41 
elementary structures, 6-48 
lattice, 6-41 
terminating sections having two-image con- 
trolling frequencies, 6-54, 6-55 
transfer constant theorem, 6-39 
two-frequency control image impedance of un- 
symmetrical sections, 6-53 
two-frequency control sections, 6-53 
types, 6-33 
unsymmetrical sections, 6-50 
x-ray, 23-12 
First aid, 23-17 
Fish paper, 2-37 
Fisher-Hinnen method of analysis, 5-47 
Fixed capacitance condensers, 3-60 
Flamenol, 2-37, 248 
Flashover, 2-24 
Flat field, 20-04 
selectivity curve, f-m distortion and, 8-28 
-top antennas, 6-62, 6-80 
-type resistors, 3-09 
Flax-li-num, compliance and resistance data in 
insulation of vibration, 12-62 
Flexible coupling units, 10-18 
cushions in sound insulation, 12-60, 12-61 
panels, 12-62 
resistors, 3-09 
wave guides, 10-18 
Flexural strength, 2-28 
effect, 4-20 
Flicker, 20-05, 20-66 
requirements, 20-06 
Flip-fiop circuits, of counters and computers, 9-13, 
9-14 
stable in either condition, illustrated, 9-17 
Floor partitions, 12-66 
Fluctuation current, 4-20 
noise interference, divisional noise of vacuum 
tubes, 8-30 
in f-m systems, 8-30 
shot noise of vacuum tubes, 8-30 
thermal noise, 8-30 
voltage, 4-21 
Fluid ounce, conversion factors, 149, 1-50 
Fluorescence, defined, 15-30 
Fluorescent lamps, 15-37 


Fluoroscopy, tubes, 4-89 
Fluors, defined, 15-30 
Flute, power of, 12-25 
Flutter echo, 12-40 
Flutters, acoustic properties of rooms and, 12-40 
Flux density, electric, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
magnetic, cgs unit, 146 
conversion table, 1-63 
mks unit, 1-46 
symbol, 1-46, 1-73 
of power transformers, 6-28 
dielectric, conversion table, 1-58 
displacement f., symbol, 1-73 
electric, egs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
-linkage, symbol, 1-73 
-magnetic, cgs unit, 1-46 
conversion table, 1-63 
defined, 2-60 
mks unit, 1-46 
symbol, 1-46 
voltmeter, 2-76 
F-m distortion, a-m rejection and, 8-29 
amplitude modulation, 8-26 
balanced discriminator and, 8-28 
commercial entertainment receivers and, 8-27 
delay characteristics, 8-26 
downward amplitude modulation and, 8-29 
due to incomplete rejection of amplitude 
modulation, 8-27 
due to multipath reception, 8-29 
envelope delay in, 8-26 
flat selectivity curve and, 8-28 
f-m detector input-output characteristic, 8-28 
from amplitude modulation, 8-28 
from three cascade double-tuned trans- 
formers, 8-27 
harmonic distortion, 8-28 
in f-m systems, 8-26 
inadequate bandwidth, 8-26 
incomplete rejection, 8-26 
input capacity of amplifier tubes and, 8-32 
modified analysis, method for evaluating, 
8-27 
multipath distortion effects, 8-29 
multipath transmission, 8-26 
non-linear phase characteristic, 8-26 
non-uniform delay and, 8-26 
null in transmission and, 8-29 
quasi-steady-state approximation, 8-26 
second harmonic, 8-28 
side responses, reduction of, 8-29 
sideband analysis-synthesis method for eval- 
uating, 8-27 
skip transmission and, 8-29 
small deviation ratio, 8-27 
small distortion in systems with, 8-27 
third harmonic, 8-28 
equipment, measurement of frequency swing, 
8-08 
receivers, 8-16 
a-m receivers and, 8-16 
commercial entertainment, f-m distortion 
and, 8-27 
frequency detectors of, 8-19 
limiters, grid-bias, 8-24 
multiple tuning positions, 8-17 
superheterodyne principle, 8-16 
systems, adjacent-channel interference in, 8-30 
beatnote and, 8-30 
co-channel interference in, 8-30 
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F-m systems, de-emphasis low-pass filter and, 


8-31 
fluctuation noise interference, 8-30 
impulse noise interference in, 8-31, 8-32 
carrier amplitude and, 8-32 
“click,” 8-32 
grid-bias limiter and, 8-32 
“nop,” 8-32 
pulse of phase modulation and, 8-32 
step of phase modulation and, 8-32 
transient impulse amplitude and, 8-32 
interference in, 8-26, 8-29 
audio noise, rms value of, and, 8-31 
fluctuation noise, 8-29 
f-m ratio and, 8-31 
impulse noise, 8-29 
noise signals, 8-29 
output noise spectrum and, 8-31 
spurious receiver responses, 8-29 
large deviation ratio and, 8-31 
peak noise, 8-31 
signal-to-interference ratio, 8-30 
signal-to-noise ratio importance and, 8-31 
small deviation ratio and, 8-31 
threshold for f-m improvement, 8-31 
triangular f-m beatnote spectrum and, 8-30 
transmitters, 8-09 
circuits, 8-15 
for emergency communication, 8-09 
for f-m broadcasting, 8-09 
sound transmitters for television broadcast- 
ing, 8-09 
types, 8-09 


Focusing of sound, 12-70 
Foot, see also Feet 


abbreviation, 1-71 

-candle, abbreviation, 1-71 

cubic, abbreviation, 1-71 

-Lambert, abbreviation, 1-71 

-pound, abbreviation, 1-71 
conversion factors, 1-57, 1-58 
-second (system), abbreviation, 1-71 

square, abbreviation, 1-72 


Force, cgs unit, 1-46 


coercive, defined, 2-59 
conversion table, 1-55 
counter electromotive, abbreviation, 1-71 
electromotive, abbreviation, 1-71 
measurement, 3-02 
symbol, 1-73 
unit, 1-44 
factor of speaker, 13-12 
magnetizing, 2-57 
egs unit, 1-46 
conversion table, 1-64 
defined, 2-60 
mks unit, 1-46 
symbol, 1-46 
magnetomotive, abbreviation, 1-71 
egs unit, 1-46 
conversion table, 1-64 
mks unit, 1-46 
symbol, 1-46, 1-73 
mks unit, 1-46 
moment of, conversion table, 1-56 
per unit area, conversion table, 1-56 
standard of, 1-42 
symbol, 1-46, 1-73 


Foreign wire relations, 10-67 
Formation voltage, 3-69 
Formex, 2-37, 2-47 

Formica, 2-37 

Forming voltage, 3-69 
Formulas, algebraic, 1-02 


Formulas, approximation, 1-16 
calculus, 1-12 
cutoff voltage, 4-40 
exponential, 1-10 
hyperbolic, 1-10 
mensuration, 1-17 
temperature conversion, 1-64 
trigonometric, 1-07 
Formvar, 2-37, 2-47 
Forticel, 2-36, 2-37 
Fortisan, 2-37 
Foster’s theorem on driving point impedances, 
6-35 
Fourier integral, 5-27, 5-33 
series, 5-27, 5-33 
Fourier’s theorem, 5-02 
Four-terminal networks, 5-10, 6-33 
driving point impedances, 5-10 
equivalent quadripoles, 5-13 
image parameters, 5-13 
lattice or bridge, 5-13 
restrictions for physical realizability, 5-11 
T and 7, 5-13 
terminated, 5-11 
transfer impedance, 5-10 
Fourth, 11-08 
Frame, 20-06 
frequency, 20-20 
Free charge, 2-23 
Free-running multivibrator, 9-18 
space transmission law of antennas, 6-72 
Freedom, degrees of, 5-56 
Freezing point, abbreviation, 1-71 
French horn, power of, 12-25 
Freon, 2-56 
Frequencies, band, analysis, 11-56 
complex, 5-04 
defined, 11-02 
discrete, distribution, 11-54 
extremely high, 1-80 
formulas, 11-03 
high, 1-80 
low, 1-80 
measurements, 11-02 
medium, 1-80 
nomenclature, 1-80 
spectrum of electrical phenomena, 11-14 
super high, 1-80 
ultra high, 1-80 
measurement, 11-11 
very high, 1-80 
very low, 1-80 
Frequency allocation, television, 20-20 
analysis of exhaust fan noise, 11-64 
angular, symbol, 1-73 
bandwidth, required for a certain speed of in- 
formation, 9-04, 20-04 
widening of square pulse by reduction, 9-04 
egs unit, 1-46 
characteristics, measurements of, audio-fre- 
quency transformer, 6-25 
of input and interstage transformers, 6-20 
comparison, 11-05 
control, see also Frequency modulation 
Crosby method, 8-13 
direct frequency modulation, 8-13 
electromechanical, 8-14 
pulse counter, 8-14 
counters, 9-13 
field, 20-20 
flip-flop circuits, 9-13 
frame, 20-20 
detectors, discriminator characteristics, 8-20 
discriminator circuits, 8-20 
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Frequency detectors, discriminators as, 8-19 
of f-m receivers, 8-19 
ratio-type, 8-21 
amplitude compensation, 8-23 
regulation curves, 8-22 
side-tuned circuits as, 8-21 
slope filter as, 8-19 
simple, 8-19 
difference limen, of hearing with decibels above 
threshold (hearing), 12-10 
discrimination, 11-63 
distortion, 5-16 
distortion, effects on sounds, 12-30 
resonance type, effect on articulation, 12-33, 
12-34 
dividers, 9-13 
counting type, 9-13 
division in pulse circuit, 9-13 
effect on magnetization, 2-70 
meters, induction, 11-11 
vibrating-reed, 11-11 
Weston, 11-11 
mks unit, 1-46 
modulation, 7-71, 8-02, see also Frequency con- 
trol 
Bessel functions, 8-04 
values, 8-05 
broadcasting, 8-09, 16-31 
amplitude noise, 8-10 
coverage, 16-32 
distortion, 8-10 
frequency characteristic, 8-10 
frequency control and modulation, 8-10 
intermediate frequency, 8-16 
noise level, 8-10 
transmitter, 8-10 
by input capacitance variation, 8-12 
by phase-modulation method, 8-11 
by reactance tubes, 8-12 
degree of, 8-04 
detector, a-m rejection in, 11-53 
input-output characteristic, distortion and, 
8-28 
deviation ratio, 8-03 
direct, 8-12 
discriminator action of detectors, 8-03, 8-19 
distortion, see F-m distortion 
equivalent sideband, 8-04 
for emergency transmitters, 8-15 
frequency detector conversion, 8-17 
frequency swing, 8-04 
from non-uniform amplitude and phase char- 
acteristics, 8-26 
fundamental relations, 8-02 ‘ 
mathematical equivalent of discriminator ac- 
tion, 8-09 
measurements, 11-50 
methods, 8-10 
modulation index, 8-03, 8-04, 8-05 
noise characteristics, 8-31 
pass band, transmitting and receiving, and, 
8-02 
peak angle swing and, 8-06 
receivers, see F-m receivers 
sideband distribution, 8-06 
sidebands and, 8-02 
single-, 8-02 
studio-transmitter link use of, 8-02 
systems, 8-02 
theory of noise suppression and, 8-03 
transmitters, see F-m transmitters 
two-frequency, 8-07 
multipliers, 9-13 
range, audible, 12-30 
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Frequency response of output transformers, 6-17 
rotational, symbol, 1-73 
sensitivity, 12-10 
shift, effects of, 12-35 
spectrum, 5-28 
of pulse, 9-11, 9-12 
stability of oscillation, 7-92 
standard used in frequency measurement, 
11-05 
swing of frequency modulation, 8-04 
symbol, 1-46, 1-73 
Fricative consonants of speech, 12-20 
fill in visible speech, 12-21 
Frictional modulation in speech, 12-19 
Frélich-Kennelly relation, 2-69 
Front feed for reflectors of antennas, 6-86 
porch, 20-16 
-wall effect, 15-13 
Frustum, volume of, 1-18 
Full coaxial cylinder cavity resonator, 7-98, 7-101 
-wave rectifier, 7-107 
Fullerboard, 2-37 
Furfural resins, 2-37 
Furlong, conversion factors, 1-47 
Fuse, 17-05 
Fusion point, abbreviation, 1-71 


G. E. Mycalex, 2-38 
Gages, 1-66 
sheet metal, 1-66 
wire, 1-66, 1-68, 1-69, 1-70, 2-12 
comparison, 1-69, 1-70 
Gain, control, 16-07 
insertion. 11-32 
Gallium, properties, 2-05 
Gallon, abbreviation, 1-71 
British Imperial, conversion factors, 1-50 
liquid, conversion table, 1-49 
U.S. (dry measure), conversion factors, 1-50 
U.S. (iquid), conversion factors, 1-50 
Galvanized Sheet Gage, 1-66 
Galvanometer, graphical symbol, 1-76 
Gamma (transfer characteristic), 20-29 
correction, 20-29 
Gang tuning condenser, 7-121 
Gap spacing, 4-53 
Gas current, defined, 4-05 
-filled oscillators, deionization time of gas in 
operation, 7-91 
ionization time of gas in operation, 7-91 
-filled tubes, 4-02 
triode, 4-59 
tube, defined, 4-03 
volume, 1-79 
x-ray tubes, 4-81 
Gaseous conduction, 4-58 
tubes, 4-58 
Gases, as dielectrics, 2-53 
conductivity, 2-54 
dielectric strength, 2-54 
ionization, 2-54 
Gauss, 1-46 
conversion factors, 1-63 
Gelva, 2-37 
General composite filters, 6-40 
elementary constituents, 6-49 
filter network, 6-33 
-purpose triode, 4-31 
Generalized displacement, 5-57 
mass, 5-57 
velocity, 5-57 
Generators, constant voltage, 4-07 
double-pulse, 9-24 
multiple-pulse, 9-24 
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Generators, of constant current, 4-07 
Geometrical progression, 1-02 
representation of complex number, 1-06 
Geon, 2-37, 2-47, 2-48 
German candles, conversion factors, 1-65 
silver, properties, 2-05 
Germanium, properties, 2-05 
Gilbert, 1-46 
conversion factors, 1-64 
Gill, liquid, conversion factors, 1-49, 1-50 
Gilsonite, 2-35, 2-37 
Giorgi, 1-45 
Glass, 2-37 
-bonded mica, 2-38 
power factor at high frequencies, 2-34 
properties, 2-26 
high silica, power factor at high frequencies, 
2-34 
properties, 2-10, 2-26 
Pyrex, power factor at high frequencies, 2-34 
textiles, 2-38 
Glide path, 22-15 
Glottis of vocal cords, acoustic wave form pro- 
duced at, 12-19, 12-20 
Glow-discharge tubes, 4-72 
Glowray, properties, 2-05 
Glycerin, dielectric properties, 2-49 
Glyptal, 2-34, 2-38 
Gold, properties, 2-05, 2-10 
Goldschmidt alternators, 7-94 
Goniometer, 22-08 
Gradient, potential, cgs unit, 1-46 
conversion table, 1-60 
mks unit, 1-46 
symbol, 1-46 
Grahamite, 2-35 
Grain-oriented materials, 2-61 
Grains, conversion factors, 1-54, 1-55 
Gram, abbreviation, 1-71 
-calorie, 1-65 
abbreviation, 1-71 
conversion factors, 1-57, 1-64, 1-65 
-centimeters, conversion factors, 1-56 
conversion factors, 1-54, 1-55 
Graphical symbols, 1-76 
Graphite grains, properties, 2-10 
properties, 2-10 
Gravity, acceleration, 1-79 
specific, abbreviation, 1-72 
Greek alphabet, use for symbols, 1-79 
Grenz rays, 23-12 
Grid bias, defined, 4-05 
-bias limiters, 8-24 
characteristic curve, 4-10 
control, defined, 4-04 
current, defined, 4-05 
detector, 7-79 
defined, 4-04 
driving power, defined, 4-05 
emission, 4-11 
defined, 4-05 
graphical symbol, 1-77 
leak, 7-93 
modulation, 7-73 
-plate characteristic, 4-11 
-plate transconductance (mutual conductance), 
5-42 
resistance, 4-11 
maximum allowable, 4-27 
resistors, 3-11 
screen, defined, 4-04 
space-charge, defined, 4-04 
suppressor, defined, 4-04 
voltage, defined, 4-05 


Grinders, 10-43 
Gross ton, conversion factors, 1-54 
Ground controlled approach, 22-26 
graphical symbol, 1-76 
return circuit, 10-87 
system, antennas and use of, 6-69 
Wagener, 11-26 
wave, see Wave propagation, ground wave 
wires, 10-93 
Grounded capacitors, 11-24 
-grid amplifiers, 7-31, 7-49 
Group velocity, 5-36 
Growth of sound, 12-42 
Gullstrand schematic eye, 14-28 
Gummon, 2-38 
properties, 2-26 
Guntker’s chain, conversion factors, 1-47 
Gutta-percha, 2-38 
properties, 2-26 


Hair felt, 12-53, 12-56 
Half-wave antenna, 6-71 
Halowax, 2-38 
Hand, conversion factors, 1-47 
Hard plaster, 12-55 
rubber, 2-38 
x-rays, 4-82 
Harmonic amplifiers, radio transmitters and, 
7-130 
analysis, of current for a sinusoidal applied 
voltage, 5-46 
distortion in f-m systems, 8-28 
Harmonics, of the intermediate frequency of 
superheterodyne receivers, 7-122 
Hartley oscillators, 7-93 
Heading, defined, 22-05 
Heaped bushel, conversion factors, 1-50 
Hearing, average loss, 12-08 
binaural vs. monaural, 12-06 
difference limen, 12-09 
limits of, 12-08 
mechanism of, 12-02 
monaural, 16-02 
of speech, effect of noise and, 12-72 
effect of reverberation on, 12-73 
in auditoriums, 12-69 
sense of, 12-02 , 
tests with, losses greater than 25 db and 45 db, 
12-09 
variation with age, 12-07 
Heart disease, diagnosis, 23-09 
human, relaxation oscillation in, 7-84 
sound of, 23-09 
Heat, conversion table, 1-57 
electrical equivalent, 1-79 
mechanical equivalent, 1-79 
quantity of, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
specific, abbreviation, 1-72 
conversion table, 1-64 
Heater current, 4-08 
defined, 4-05 
defined, 4-04 
delay, 7-114 
graphical symbol, 1-77 
voltage, changes in, 4-26 
defined, 4-05 
Heating effect of r-f current, 23-04 
of power transformer, 6-29 
time, cathode, 4-08 
Heaviside layer, 10-37 
Lorentz system of units, 1-43 
operational calculus, 5-34 
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Heaviside, unit function, 5-27 
Hectare, conversion factors, 1-48 
Hectogram, conversion factors, 1-54 
Hectoliter, conversion factors, 1-49 
Hectometer, conversion factors, 1-47 
Hectometric waves, 1-80 
Hefners, conversion factors, 1-65 
Height, effective, 6-70 
Heising modulation, 7-74 
Helicotrema of ear, 12-03 
Helium, minimum sparking potentials, 2-54 
Hemispheres, conversion table, 1-51 
Hemit, 2-38 
properties, 2-26 
Henry, 1-44, 1-45, 1-46 
abbreviation, 1-71 
conversion factors, 1-63 
Heptane, dielectric properties, 249 
Heptode, defined, 4-04 
Hercules EC, 2-37 
Herculite, 2-38 
Heterodyne analyzer, 11-61, 11-66 
Heterophoria, 14-29 
Heusler alloys, 2-57 
Hexane, dielectric properties, 2-49 
Hexode, defined, 4-04 
High-fidelity broadcasting, 16-33 
-frequency antenna, 6-82 
-frequency broadcasting, 16-31 
compensation methods of wide-band ampli- 
fiers, 7-43 
surgery, 23-06 
apparatus, 23-04 
-H permeameter, 2-74 
-inductance antenna coupling of radio receivers, 
7-115 
level modulation, 7-74 
-pass filter, 6-33 
-permeability materials, 2-60 
-power audio amplifiers, 7-22 
-power radio transmitters, 7-136 
audio equipment, 7-136 
-Q circuits of i-f amplifiers, 7-62 
resistances, 3-17 
transmission, 10-05 
-vacuum tubes, 4-02 
defined, 4-04 
-voltage shock, 23-17 
-voltage therapy tubes, 4-85 
Highlight brightness, 20-03 
Hinge joints of wave guides, 10-26 
Hipernik, properties, 2-06 
Hiss tone in speech, 12-21 
Hole-and-slot magnetrons, 4-42 
Homes, noise levels acceptable in, 12-58 
Hopkinson alloy, properties, 2-06 
Horizontal hyperbola, 1-05 
parabola, 1-05 
polarization, 20-20 
resolution, 20-04 
synchronizing pulse, 20-17 
Horizontally polarized antenna, 6-85 
Horns, 6-79, 13-05, 13-10 
biconical, 6-80 
catenoidal, 13-06 
conical, 6-80 
defined, 13-05 
directional properties, 13-08 
electromagnetic, 6-79 
forms of, 6-80 
pyramidal, 6-80 
quasi-optical, directivity of, 6-76 
Salmon, 13-06 
sectoral, 6-80 


Horsepower, abbreviation, 1-71 
conversion factors, 1-58 
-hour, abbreviation, 1-71 
conversion factors, 1-57 
metric, conversion factors, 1-58 
Hospitals, noise levels acceptable in, 12-58 
Hot-cathode thyratrons, 4-71 
x-ray tubes, 4-81 
Hotels, noise levels acceptable in, 12-58 
sound insulation, 12-57 
Hour, abbreviation, 1-71 
conversion table, 1-51 
Humidity, variations in, use of stable fixed con~ 
densers and tuning by iron-core coils, 7-60 
Hundred, abbreviation, 1-71 
Hundredweight, conversion factors, 1-54 
Huygens’ principle of wave propagation, 6-76 
Hybrid coils, see Transformers, three winding 
junctions, 11-75 
Hycar, 2-38 
OR, 2-35 
Hydrogen, acoustic properties, 13-02 
dielectric constant, 2-54 
dielectric properties, 2-49 
minimum sparking potentials, 2-54 
Hyperbola, equation, 1-05 
Hyperbolic cosine, abbreviation, 1-71 
formulas, 1-10 
functions, 1-10 
chart, 1-26 
relations between trigonometric functions 
and, 1-11 
logarithms, 1-19 
radians, 1-26 
sine, abbreviation, 1-71 
tables, 1-26 
tangent, abbreviation, 1-71 
Hysteresis loops, 2-58 
Hytemco, properties, 2-06 


Ia Ia, properties, 2-06 
Ice load, 10-51 
point, 1-79 
Iconoscope, 15-21 
construction, 15-21 
operation, 15-22 
resolution, 15-24 
sensitivity, 15-24 
signal-to-noise ratio, 15-24 
studio television camera, 20-23 
uniformity, 15-25 
Ideal, properties, 2-06 
transducer, 5-15 
Idealized filters, 5-35 
I-f amplifiers, 7-56 
as source of gain and selectivity in radio re- 
ceiver, 7-58 
broad, 7-60 
coefficients of coupling, 7-59 
critically coupled circuits, 7-59 
double-tuned stage, 7-63 
flat-topped selectivity curve, 7-59 
for a-m broadcast receivers, 7-58 
for f-m receivers, 7-61 
medium bandwidth, 7-58 
narrow bandwidth, 7-58 
of superheterodyne receiver, 7-121 
opposing couplings, gain, and bandwidth of 
i-f stage, 7-60 
opposing inductive and capacitive coupling 
and, 7-60 
pulse technique of, illustrated, 9-14 
r-f, 7-129 
tuning stability, 7-60 
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I-f amplifiers, variable selectivity, 7-59 
wide-band, 7-63 
gain and bandwidth, 11-53 
harmonics, feedback of, 7-61 
sensitivity, defined, 11-50 
Ignitor, defined, 4-75 
~ graphical symbol, 1-77 
Ignitrons, 4-78 
contactors, 21-11 
defined, 4-75 
ignitor characteristics, 4-80 
rectifiers, 21-10 
tests, 4-80 
Ilium, properties, 2-06 
Illuminance, 14-16 
Illumination, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
visual acuity and, 14-42 
Image, characteristics, 15-44 
dissector, 15-19 
resolution, 15-21 
sensitivity of, 15-20 
signal-to-noise ratio, 15-21 
uniformity of, 15-21 
impedances, 5-13, 6-37 
characteristics of m-derived filter sections, 
6-53 
of general composite filter, 6-49 
of two-frequency control sections of filters, 
6-53 
theorem of filters, 6-39 
wave-propagation theory and, 6-33 
orthicon, 15-27 
resolution, 15-29 
sensitivity, 15-29 
studio television camera, 20-23 
uniformity, 15-29 
parameters, 5-13 
coincidence conditions, 6-36 
properties, 6-36 
summary of properties, 6-38 
response of superheterodyne receivers, 7-122 
transfer constant, 6-33 
wave-propagation theory and, 6-33 
transfer functions, of networks, 6-37 
of symmetrical filter, 6-56 
Imaginary period, 1-10 
quantity, 1-06 
unit, 1-06 
Impact sounds of noise conduction, 12-60 
Impedance, blocked, 5-65 
bridge, in circuits, 6-12 
characteristic, 10-02 
of uniform line, 5-25 
circle, 5-65 
common, in coupled circuits, 6-06 
complementary, 5-10 
damped, 5-65 
driving point, 5-06, 5-10 
image, 5-B; see also Image impedances 
input, of uniform line, 5-26 
inverse, 5-09 
irregularities, 11-39 
line, a-c bridge method of locating irregularities 
in, 11-39 
matched, in single-mesh circuits, 6-06 
mutual, 5-06 
non-matched, in single-mesh circuits, 6-06 
loads, 5-43 
mechanical, 5-59, 6-03 
motional, 5-66 
mutual, in coupled circuits, 6-06, 6-07 
symbol, 1-73 


Impedance, normal, 5-65 
open-circuit transfer, 6-38 
reciprocal, 5-09 
second image, method of obtaining, 6-40 
self symbol, 1-73 
short- and open-circuit, 6-37 
symbol, 1-73 
transfer, 5-06, 5-10 
transformer for wave-guide component, 10-22 
vector, 5-59 
two-terminal, 5-07 
Imperial Standard Wire Gage, 1-66, 1-69 
units, 1-42, 1-50 
Impulse noise interference in f-m systems, 8-31, 
8-32 
Inadequate coupling, 6-09 
Inch, abbreviation, 1-71 
circular, conversion factors, 1-48 
conversion table, 1-47 
cubic, abbreviation, 1-71 
conversion table, 1-49, 1-50 
miner’s, conversion table, 1-52 
-pound, abbreviation, 1-71 
square, abbreviation, 1-72 
conversion table, 1-48 
Incidence, plane of, 5-53 
Incident component, 5-23 
waves, symmetrical networks, 5-23 
uniform lines, 5-25 
Inconel, properties, 2-06 
Incremental permeability, defined, 2-60 
Index of refraction, 5-53 
Indirectly heated cathode, 4-03 
Indium, properties, 2-06 
Indoor address systems, 16-15 
Inductance, coupling, 6-07 
leakage, 6-14, 6-23 
magnetic, cgs unit, 1-46 
conversion table, 1-63 
mks unit, 1-46 
symbol, 1-46, 1-73 
measurement, 11-27 
audio-frequency transformers, 6-25 
mutual, 1-73, 6-07, 6-13 
self, 1-73 
standards, 11-22 
transmission line, 10-03 
variation, 5-40 
Induction, intrinsic, 2-57 
defined, 2-59 
frequency meter, 11-11 
low-frequency, 10-88 
acoustic disturbance produced by, 10-92 
control, 10-93 
coupling factors, 10-89 
magnetic, 2-57 
defined, 2-59 
symbol, 1-73 
normal, defined, 2-60 
residual, defined, 2-60 
saturation, defined, 2-60 
Inductive coordination, for supply and communi- 
cation companies, 10-73 
coupling, 10-78, 10-89 
influence, 10-75 
susceptiveness, 10-80 
winding, 11-19 
Inductometers, defined, 11-23 
Inductor iron core, graphical symbol, 1-76 
Inductors, air-core, 3-31 
properties, 3-31 
best coil shape, 3-33 
coil losses, 3-32 
design formulas, 3-38 
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Inductors, distributed capacitance, 3-32 
electrical design considerations, 3-32 
ferrous-cored, 3-42 
figure of merit, 3-31 
form materials, 3-36 
graphical symbol, 1-76 
high-frequency powdered-core, 3-50 
impregnation, 3-37 
low-frequency sheet-core, 3-42 
mechanical design considerations, 3-36 
power factor, 3-31 
progressive universal winding, 3-34 
shielding, 3-35 
solenoid windings, 3-33 
specification, 3-38 
time constant, 3-31 
universal winding, 3-34 
wire insulation, types, 3-32 

Industrial buildings, sound insulation in, 12-57 
roentgenography, tubes for, 4-89 

Inerteen, 2-35 

Inertia, moment of, cgs unit, 1-46 

mks unit, 1-46 
symbol, 1-46 

Inflection in speech sounds, 12-20 

Influence, inductive, 10-75 

Information, speed of, 5-28 

Infra-black level, 20-16 

Infrared radiation, medical uses, 23-06 
therapeutic use, 23-08 

Initial permeabiiity, defined, 2-60 

Inner ear, 12-03 

In-phase amplifiers, 7-31, 7-50 

Input admittance, conductive component, 4-16 

compensating for changes, 4-19 
of vacuum tubes, 4-15 
reactive component, 4-18 
capacitance, 4-19 
defined, 4-06 
variation, 4-19 
frequency modulation by, 8-12 
conductance, 4-16, 4-22 
gap, 4-51 
impedance, of a triode, 5-49 
of uniform line, 5-26 
resistance, 7-17 
transformers, 6-19 
leakage resonance, 6-21 
made with two-legged core, 6-22 
pick-up of, 6-21 
shielding of, 6-21 
turns ratio of, 6-20 
use of shielding cans and, 6-21 

Insertion loss factor, 5-15 
loss for frequencies in filters, 6-33 
phase measurement, 11-34 
phase shift, 5-16 

Instantaneous values, 1-74 

Instrument landing system, 22-14 

Insulating liquids, synthetic, 2-52 
materials, 2-02, 2-21 

dielectric properties, 2-21 
gases as dielectrics, 2-53 
liquid dielectrics, 2-48 
oils, 2-50 
phenolic, 2-41 
solid dielectric, 2-25 
test methods, 2-24 
Insulation, calculation of, in building design, 
12-69 
resistance, 2-23 
sound, see Sound insulation 
value of rigid materials, 12-64 
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Insulite, compliance and resistance data in insu- 
lation of vibration, 12-62 
sound transmission, 12-65 
Insurok, 2-38 
Intake transformers, use of shielding cans and, 
6-21 
Integral operator, 5-29 
Integrals, 1-12 
Integration, by parts, 1-12 
constants, 1-13 
Intelligibility test, 12-28 
Intensifying screen, 23-15 
Intensity difference limen, with decibels above 
threshold (hearing), 12-10 
electric, symbol, 1-73 
electric field, cgs unit, 1-46 
conversion table, 1-60 
mks unit, 1-46 
symbol, 1-46 
level of sound, 16-13 
luminous, 1-42, 14-15 
egs unit, 1-46 
mks unit, 1-46 
standard of, 1-43 
symbol, 1-46 
magnetic, symbol, 1-73 
magnetic field, egs unit, 1-46 
conversion table, 1-64 
mks unit, 1-46 
symbol, 1-46 
sound, 12-04, 12-57 
Interaction factor, 5-15 
of electromagnetic systems, 5-65 
loss, 5-16 
Intercept delay, 5-36 
Interelectrode capacitance, 4-14 
defined, 4-06 
Interference, atmospheric, 10-42 
Interlace, odd line, 20-06 
Interlaced scanning, 20-05 
Intermediate amplifier, 7-56, 7-129 
frequencies, ‘‘birdies’’ in, 7-57 
choice, 7-56 
examples, 7-57 
harmonics and reduction of ‘‘tweets”’ in, 7-57 
high, advantage of, 7-57 
interaction between local oscillation and 
antenna circuit in, 7-57 
subharmonics, 7-57 
frequency amplifier, 7-56 
Internal, abbreviation, 1-71 
International angstrom unit, 1-79 
candle, 1-43 
conversion factors, 1-65 
joule, 1-57 
units of electrical measure, 1-44 
Interpolation methods, used in frequency meas- 
urement, 11-10 
Interstage transformers, 6-19 
leakage resonance of, 6-21 
pick-up of, 6-21 
shielding of, 6-21 
turns ratio of, 6-20 
Intrinsic induction, 2-57 
defined, 2-59 
Invar, properties, 2-06 
Invariant, properties, 2-06 
Inverse anode voltage, 4-05 
distance field, 10-30 
hyperbolic sine, 1-10 
impedances, 5-09 
sine, 1-08 
Inverted-V antennas, 6-83 
Inverters, controlled, 21-09, 21-10 


INDEX 25 


Ionization current, 4-10, 4-11 
of gases, 2-54 
time of gas-filled oscillators, 7-91 
Ionosphere, 10-37 
Ionthophoresis, 23-03 
Iridium, properties, 2-06 
Iron, 2-61 
-aluminum alloys, 2-62 
-cobalt alloys, 2-62 
-core coils, use in i-f amplifiers, 7-58 
-core-transformer, 6-13 
effect of heat treatment on magnetic properties, 
2-61 
gage, 1-67 
loss, 2-59 
-molybdenum, 2-62 
-nickel alloys, 2-62 
oxide, properties, 2-10 
properties, 2-06, 2-10 
-silicon alloys, 2-61 
Irradiation, 14-42 
Isolantite, 2-38 
properties, 2-26 
Iso-masking intensity of sound, 12-11 
Isotropic dielectrics, 5-53 
insulating medium, 5-51 
IT calorie, 1-57 
Ivory, properties, 2-26 


Jack, graphical symbol, 1-76 
Joint use of poles, 10-69 
Joule, 1-44 
abbreviation, 1-71 
conversion factors, 1-55, 1-57, 1-64, 1-65 
Jute, 2-38 


Kanthal, properties, 2-06 
Kaolin, 2-38 
Karma, properties, 2-06 
Kataphoresis, 23-03 
Keunelly-Heaviside layer, 10-37 
Kerosene, dielectric properties, 2-49 
Key, graphical symbol, 1-76 
Keystone correction in scanning, 20-11 
Kg cal, 1-46 
Kilocycles per second, abbreviation, 1-71 
Kilogram, abbreviation, 1-71 
-calorie, abbreviation, 1-71 
conversion factors, 1-57, 1-58, 1-64, 1-65 
conversion factors, 1-54, 1-55 
-meter, abbreviation, 1-71 
conversion factors, 1-56 
standard, 1-42 
Kilolines, conversion factors, 1-63 
Kiloliter, abbreviation, 1-71 
conversion factors, 1-49 
Kilometer, abbreviation, 1-71 
conversion table, 1-47 
square, abbreviation, 1-72 
conversion table, 1-48 
Kilometric waves, 1-80 
Kilovolt, abbreviation, 1-71 
-ampere, abbreviation, 1-71 
reactive, abbreviation, 1-72 
conversion factors, 1-60 
Kilowatt, abbreviation, 1-71 
conversion factors, 1-58 
Kilowatt-hour, abbreviation, 1-71 
conversion factors, 1-57, 1-64, 1-65 
Kinescopes, defined, 15-46 
Kinetic energy, 5-57 
Klystron amplifier, 4-51 
frequency multiplier, 4-52 
Klystrons, 4-51 


Klystrons, defined, 4-51 
employing transit time bunching, 4-51 
integral cavity type, 4-51 
reflex, 4-54 
Knife, high frequency, 23-05 
Knots, conversion table, 1-47, 1-52 
Koroseal, 2-48 
Kriston, 2-34, 2-38 
Kromax, properties, 2-06 
Kromore, properties, 2-06 
Krupp metal, properties, 2-06 
Kryptol, properties, 2-10 


L to C ratio, of a tuned circuit, 7-87 
of oscillatory circuit, 7-88 
Lagrange’s principle, 5-59 
Lambert, abbreviation, 1-71 
Lambert’s law, 14-05 
Lamicoid, 2-38 
Laminac, 2-39 
Laminates, 2-38 
Lamp in pulse measurements, 9-12 
Lamps, ballast, 3-22 
exciter, 16-22 
fluorescent, 15-37 
resistance, 3-22 
Lanac, 22-28 
Land measure, area, conversion table, 1-48 
length, conversion table, 1-47 
Laplace transform, 5-34 
Larynx, 12-19 
artificial, 12-21 
speech and, 12-19 
Latex, 2-39 
Latitude, abbreviation, 1-71 
Lattice networks, 5-13 
Lava, 2-39 
properties, 2-26 
Lavite, 2-39 
properties, 2-26 
Lead-bismuth, properties, 2-06 
chloride, properties, 2-10 
-in, of radio antennas, 6-62 
properties, 2-06, 2-10 
-tin alloy, properties, 2-10 
League (Great Britain), conversion factors, 1-47 
League (U. S.), conversion factors, 1-47 
Leakage current, 4-10 
defined, 4-05 
inductance, 6-23 
measurements of, audio-frequency trans: 
formers, 6-25 
of audio-frequency transformer, 6-23 
reactance, in driver transformer, 6-22 
resonance, of input and interstage transformers, 
6-21 
Leap year, conversion table, 1-51 
Lecher wires, 11-13 
Lecture rooms, acoustic design, 12-42 
Legal units of measure, 1-42 
Length, 1-42, 1-46 
egs unit, 1-46 
conversion table, 1-47 
mks unit, 1-46 
standard of, 1-42 
symbol, 1-46 
Lenoxite, 2-39 
Lenses, 14-09 
aberrations, 14-11 
bipotential, 14-56 
cathode, 14-58 
compound, 14-10 
cylindrical, 14-54 
dielectric, use in antennas, 6-78 
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Lenses, electrostatic, 14-51 
in air, defined, 14-09 
magnetostatic, 14-59 
of antennas, 6-78 
spherical, 14-54 
thick, 14-54 
thin, 14-10, 14-54 
unipotential, 14-54 
Lepidolite, 2-39 
Lepidomelane, 2-39 
Letter symbols for magnitudes of electrical quan- 
tities, 1-72 
Level, black, 20-20 
television, 20-13, 20-21 
volume, 1-41 
Libraries, noise levels acceptable in, 12-58 
Light, conversion table, 1-65 
measurement, 14-17 
sense, 14-30 
units, 1-43 
velocity, 1-79 
symbol, 1-73 
Lighthouse tube, 7-89 
Lightning arrester, graphical symbol, 1-76 
Lignin, 2-39 
properties, 2-26 
Lignolite, 2-39 
Limit of hearing, 12-08 
Line, impedance, 10-03 
magnetic, 1-63 
sequential television, 20-65 
straight, equation, 1-05 
synchronizing pulses, 20-16 
transformer, 6-19 
Linear acceleration, conversion table, 1-53 
amplifier, 7-22 
circuits, 5-37 
conductor antennas, 6-64 
detection, 7-79 
defined, 7-76 
detection mutual conductance, 7-81 
detection plate resistance, 7-81 
transrectification factor, 7-81 
expansion, coefficient, 2-04 
foot, abbreviation, 1-71 
passive networks, 5-02 
complex frequency plane, 5-04 
corrective, 5-16 
distortion, 5-16 
driving point impedances, 5-06 
duality, principle of, 5-07 
Fourier’s theorem, 5-02 
mesh equations, 5-05 
nodal equations, 5-06 
non-sinusoidal currents and voltages, 5-02 
power transfer, 5-15 
single-mesh circuit, see Circuits, single-mesh 
superposition, principle of, 5-02 
theorems, 5-12 
transfer impedances, 5-06 
two-terminal impedances, 5-07 
phase, 5-36 
simultaneous equations, 1-04 
velocity, conversion table, 1-52 
Lines, distortionless, 5-26 
program, radio telephone broadcasting, 16-27 
testing, 11-38 
transmission, see Transmission lines 
uniform, 5-24 
characteristic impedance, 5-25 
incident and reflected waves, 5-25 
input impedance, 5-26 
propagation constant, 5-25 
standing waves, 5-25 


Lines, uniform, voltage and current relations, 5-24 
wire transmission, see Wire transmission lines 
Links, conversion factors, 1-47 
Linoleum, 12-54 
Linseed oil, relation between dielectric constant 
and resistivity, 2-51 
Lip mic, 22-12 
Liquid, abbreviation, 1-71 
dielectric absorption, 2-51 
dielectric constant, 2-48 
dielectric properties, 2-49 
dielectric strength, 2-51 
dielectrics, 2-48 
gallons, conversion table, 1-49 
gill, conversion factors, 1-49, 1-50 
measure, conversion factors, 1-50 
pints, conversion table, 1-49 
quarts, conversion table, 1-49 
synthetic insulating, 2-52 
Lissajous figures, 11-08 
Liter, abbreviation, 1-71 
conversion table, 1-49 
Lithium, properties, 2-06 
Litz wire, 3-33 
use in i-f amplifiers, 7-58 
Live rooms, 12-43 
Loaded cable circuits, 10-03 
Loading map, 10-51 
Loalin, 2-39 
Lobing method of microwaves in direction finding, 
6-87, 6-88 
Localization of sound, 12-18, 16-02 
Localizer, runway, 22-14 
Location of impedance irregularities, 11-39 
of loudspeakers, 16-14 
of microphones, 16-05 
of radio transmitter, 16-29 
Logarithm (common), abbreviation, 1-71 
Logarithm (natural), abbreviation, 1-71{ 
Logarithmic, plate form, 3-57 
voltage ratio, 1-38 
Logarithms, 1-19 
Lohn, properties, 2-06 
Lomu, 2-64 
London Gage, 1-69 
Long ton, conversion factors, 1-54 
waves, 10-33 
-wire antennas, 6-64 
Longitude, abbreviation, 1-71 
Longitudinal circuit induction, 10-78 
Loop antennas, 6-62, 6-85 
Bellini-Tosi, method of direction finding, 
6-88 
sensitivity to antenna effect, 6-87 
coupling, graphical symbol, 1-77 
current, 5-26 
hysteresis, 2-58 
output coupling, 4-47 
voltage, 5-26 
Loran, 22-31, 22-48 
low-frequency, 22-51 
performance, 22-51 
receiving equipment, 22-50 
sky-wave synchronized, 22-51 
standard, 22-49 
Loss angle, 2-22 
equalizers, 5-16, 5-18 
factor, 2-22 
hearing, with age, 12-08 
insertion, 5-15 
-phase relation, of a four-terminal network, 5-17 
transducer, 5-15 
transition, 5-15 
transmission, 11-33 
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Loudness, computation for sounds with continu- 
ous energy spectrums, 12-13 
defined, 12-11 
levels, 12-11 
phon of, 12-11 
scale, 12-12 
speech, effect of, 12-69 
Loudspeaker loads, output transformers, 6-18 
Loudspeakers, 16-13 
defined, 13-08 
efficiency, 13-10 
graphical symbol, 1-76 
location of, 16-14 
performance, 13-18 
phasing, 16-14 
tests, 13-18 
two-way system, 16-23 
types, 16-13 
Low frequencies, antennas, 6-80 
Low-frequency characteristics of audio-frequency 
transformers, 6-15 
coordination, 10-88 
induction, 10-88 
acoustic disturbance produced by, 10-92 
control of, 10-93 
coupling factors in, 10-89 
Omnidirectional range, 22-31 
response of wide-band amplifiers, 7-44 
Low-pass filter, 6-33 
Low-plate-resistance tube, 7-11 
Low-power audio amplifiers, 7-15 
radio transmitters, 7-136 
resistors, 3-07 
Lower limit of hearing, 12-08 
L-type networks, 5-13 
Lucero, properties, 2-06 
Lucite, 2-39, 2-47 
Lumarith, 2-36, 2-37, 2-39 
Lumen, abbreviation, 1-71 
-hour, abbreviation, 1-71 
Luminance, 14-16 
Luminescence, defined, 15-29 
Luminescent materials, 15-29 
screens, discharge, 15-44 
ion spot in, 15-44 
limitations imposed by, 15-43 
size and brightness, 15-43 
Luminous emittance, 14-17 
flux, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
intensity, 1-42, 14-15 
cegs unit, 1-46 
mks unit, 1-46 
standard of, 1-43 
symbol, 1-46 
Lungs, speech and, 12-19 
Lustron, 2-39 


Machine noise, 11-63 
M.A.F., 12-05 
Magnesium oxide, 2-39 
properties, 2-10, 2-26 
properties, 2-06 
titanate, properties, 2-30 
Magnetic armature speaker, 13-15 
characteristics, 2-57 
measurement, 2-72 
coupling, 5-64 
currents of antennas, 6-64 
field intensity, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
flux, cgs unit, 1-46 


Magnetic flux, conversion table, 1-63 
defined, 2-60 
mks unit, 1-46 
symbol, 1-46, 1-73 
induction, 2-57 
defined, 2-59 
symbol, 1-73 
intensity, symbol, 1-73 
materials, 2-57 
effect of frequency, 2-70 
effect of temperature, 2-69 
high-permeability, 2-60 
magnetic characteristics, 2-57 
measurement, 2-72 
magnetostriation, 2-70 
permanent magnet materials, 2-65 
stress, 2-70 
moment, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46, 1-73 
permeability, 1-43 
polarization, symbol, 1-73 
potential, conversion table, 1-64 
symbol, 1-73 
recordings, 13-28 
erasing, 13-28, 13-29 
magnetic materials for, 13-36 
recording, 13-28, 13-29, 13-30 
recording media, 13-35 
reproduction, 13-28, 13-29, 13-33 
scanning, 20-10 
speaker, 13-11 
storms, 10-46 
Magnetization, cgs unit, 1-46 
curve, 2-57, 2-68 
mks unit, 1-46 
symbol, 1-46 
Magnetizing force, 2-57 
cgs unit, 1-46 
conversion table, 1-64 
defined, 2-60 
mks unit, 1-46 
symbol, 1-46, 1-73 
Magneto switchboards, 17-03 
Magnetomotive force, abbreviation, 1-71 
egs unit, 1-46 
conversion table, 1-64 
mks unit, 1-46 
symbol, 1-46, 1-73 
Magnetostatic lenses, 14-59 
Magnetostriction, 2-70 
defined, 7-92 
oscillators, 7-92 
Magnetrons, 4-40 
anode strapping methods, 4-46 
cyclotron frequency, 4-41 
frequency stability, 4-49 
hole-and-slot, 4-42 
input characteristics, 4-44 
mode separation, 4-45 
methods, 4-47 
modes, r-f patterns, 4-42 
moding, 4-45 
negative resistance, 4-40 
non-oscillating, 4-40 
oscillating, 4-40 
output coupling, 4-47 
scaling, 4-45 
solid anode, 4-40 
tangential resonance, 4-42 fn. 
traveling wave, 4-41 
operation, 4-42 
tuning, 4-50 
Magnets, permanent, materials, 2-65 
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Magno, properties, 2-06 
Mahogany, 12-65 
Major diatonic scale, 11-09 
Makalot, 2-39 
Male voices, 11-60 
Malleus of eardrum, 12-02 
Manganese-copper, properties, 2-06 
-nickel, properties, 2-06 
properties, 2-06 
Manganin, properties, 2-06 
Mantissa, of logarithm, 1-19 
M.A.P., 12-05 
Marble, properties, 2-26, 12-55 
Marbon B, 2-43 
Marine navigation, electronic aids, 22-33 
radio aids, 22-33 
Consol, 22-52 
Decca, 22-54 
direction-finding system, 22-39, 22-53 
faesimile, 22-56 
Gee system, 22-52 
Lanac, 22-53 
Loran, see Loran 
miscellaneous systems, 22-56 
optimum transmission parameters, 22-57 
Popi, 22-55 
radar, see Radar 
radiobeacon system, 22-36, 22-38 
Redar, 22-56 
Shoran, 22-52 
Sofar, 22-56 
Sonar, 22-53 
Sonne, 22-52 
Teleran, 22-55 
Marker, defined, 22-05 
used in instrument landing, 22-17 
Marsh’s patent, properties, 2-07 
Masking of sound, 12-11 
Masonite, 2-39, 12-52 
compliance and resistance data in insulation of 
vibration, 12-62 
Masonite die stock, 2-39 
properties, 2-26 
Masonry, 12-55, 12-65 
Mass, 1-42, 1-46 
egs unit, 1-46 
conversion table, 1-54 
electron, 4-14 
mks unit, 1-46 
per unit volume, conversion table, 1-55 
resistivity, 1-61 
standard of, 1-42 
symbol, 1-46 
Master oscillator, 7-88 
volume control, 16-07 
Matched impedances, in single-mesh circuits, 
6-06 
Materials, cathode, 4-03 
conducting, 2-02 
definitions, 2-02 
specific, properties, 2-03 
wire tables, 2-12 
core, for pulse applications, 9-28 
diamagnetic, 2-57 
dielectric, solid, 2-25 
ferromagnetic, 2-57 
flexible, coefficients of sound transmission, 
12-65 
compliance and resistance data in insulation, 
12-62 
grain-oriented, 2-61 
high-permeability, 2-60 
insulating, 2-02 
dielectric properties, 2-21 


Materials, insulating, gases as dielectrics, 2-53 
liquid dielectrics, 2-48 
phenolic, 2-41 
solid dielectric, 2-25 
test methods, 2-24 
luminescent, 15-29 
magnetic, 2-57 
effect of frequency, 2-70 
effect of temperature, 2-69 
high-permeability materials, 2-60 
magnetic characteristics, 2-57 
measurement, 2-72 
magnetostriation, 2-70 
permanent-magnet, 2-65 
stress, 2-70 
non-magnetic, 2-64 
non-polar, 2-22 
paramagnetic, 2-57 
permanent-magnet, 2-65 
typical properties, 2-67 
polar, 2-22 
porous, sound insulation by, 12-62 
properties, Section 2 
sound-absorptive, coefficients, 12-48 
practical considerations, 12-57 
tenebrescent, 15-29 
thin rigid, coefficients of sound transmission, 
12-65 
Mathematical tables, 1-19 
Mathematics, 1-02 
Maxima, 1-13 
Maximum, abbreviation, 1-71 
operating temperature, 2-26 
values, 1-74 
Maxwell, 1-46 
bridge, 2-75, 11-29 
conversion factors, 1-63 
equations, 1-45, 5-50 
Mayer’s theorem on reactive networks, 6-61 
McBerty automatic telephone system, 17-33 
m-derived sections of filters, 6-48, 6-50 
image impedance characteristics, 6-53 
Mean calorie, 1-57 
square root, abbreviation, 1-72 
Measure, apothecaries’ fluid conversion factors, 
1-50 
architect’s conversion factor, 1-48 
board, conversion factor, 1-49 
cubic, conversion factor, 1-49 
dry, conversion factor, 1-49 
land, area, conversion table, 1-48 
length, conversion table, 1-47 
liquid, conversion factors, 1-50 
miscellaneous, conversion factors, 1-47 
nautical, conversion table, 1-47 
ropes and cables, conversion factors, 1-47 
shipping, conversion factor, 1-50 
Measurement, absorption, 12-58 
capacitance, 11-24 
conductance, 4-12 
current, 11-16 
distance, 9-10 
effective resistance, 11-27 
electrode capacitance, 1-14 
inductance, 11-27 
light, 14-17 
mu factor, 4-13 
of audio-frequency transformers, 6-25 
of magnetic characteristics, 2-72 
of noise, 12-57 
primary electrical quantities, 11-16 
pulse, see Pulse measurements 
resistance, 11-23 
reverberation, 12-48 
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Measurement, transconductance, 4-12 
transmission, 11-32 
use of pulses, 9-02 
voltage, 11-17 
wire line, 11-32 
Mechanical-acoustic system, 5-66 
analogue, 5-59 
band-pass filter, 11-63 
equivalent of heat, 1-79 
-fluid system, 5-66 
impedance, 5-57, 6-03 
reactance, 5-59 
recordings, 13-37 
recording disks, 13-41 
duplication, 13-41 
recording instruments used in, 13-37 
recording media, 13-40 
reproducing instruments, 13-43 
magnetic type, 13-43 
piezoelectric crystal, 13-43 
reproducing media, 13-40 
sources of distortion in, 13-45 
resistance, 5-59 
scanning, 20-07 
systems, 5-56 
comparison with electrical systems, 5-59 
energy, 5-57 
vibrations, 5-58 
units, 1-42 
Medical applications of electricity, 23-01 
roentgenography, tubes, 4-86 
Medium-frequency broadcasting, use of direc- 
tional antennas and, 6-74 
Megagram, conversion factors, 1-54 
Megameter, conversion factors, 1-47 
Megmho, conversion factors, 1-61 
Megohms, conversion factors, 1-61 
Meissner oscillator, 7-84 
Mel, 12-17 
Melamine, filled, properties, 2-26 
-formaldehyde, resins, thermosetting, 2-39 
glass laminates, 2-39 
Melmac, 2-39 
Melting point, abbreviation, 1-71 
Mensuration, 1-17 
Mercury-arc rectifiers, 4-77 
properties, 2-07 
-vapor tube, defined, 4-04 
Merit, figure of, 3-31 
Mesh equations, 5-05 
Mesitylene, dielectric properties, 2-49 
Metal gages, 1-66 
oxide-coated, 4-03 
tubes, 4-62 
Metalloids, 2-03 
Meter, abbreviation, 1-71 
conversion table, 1-47 
cubic, abbreviation, 1-71 
conversion table, 1-49 
dbm, 11-32 
-kilogram, abbreviation, 1-71 
conversion factors, 1-57 
-lambert, 14-17 
square, abbreviation, 1-72 
conversion table, 1-48 
standard of, 1-42 
Methacrylate, 2-39 
properties, 2-28 
Methane, dielectric constant, 2-54 
Methyl alcohol, dielectric properties, 2-49 
relation between dielectric constant and resis- 
tivity, 2-51 
Metric horsepower, conversion factors, 1-58 
multiples, 1-47, 1-48, 1-49, 1-54 


Metric system, 1-42 
ton, conversion factors, 1-54 
waves, 1-80 
Wire Gage, 1-69, 1-70 
Mho, conversion factors, 1-61, 1-62 
Mica, 2-39 
capacitors, 3-64 
cloth, 2-40 
glass-bonded, 2-38 
paper, 2-40 
pasted, 2-40 
plate, 2-40 
power factor at high frequencies, 2-34 
properties, 2-28 
Micabond, 2-40 
Micanite, 2-40 
Micarta, 2-40 
Microampere, abbreviation, 1-71 
Microfarad, abbreviation, 1-71 
conversion factors, 1-62 
Micrograms, conversion factors, 1-54 
Microhenrys, conversion factors, 1-63 
Microhm-centimeters, conversion factors, 1-61 
-inches, conversion factors, 1-61 
Microhms, conversion factors, 1-61 
Micromho, conversion factors, 1-61, 1-62 
Micromicron, abbreviation, 1-71 
Micron, abbreviation, 1-71 
conversion factors, 1-47 
square, abbreviation, 1-72 
Microphone, 16-04 
carbon, 13-26 
choice of, 16-05 
condenser, 13-24 
erystal, 13-25 
defined, 13-22 
directional characteristics, 13-26 
force on, 13-22 
graphical symbol, 1-76 
location, 16-05 
magnetic-armature, 13-25 
moving-coil, 13-24 
moving-conductor, 13-23 
performance, 13-26 
placement, 16-05 
pressure, 13-22 
pressure-difference, 13-23 
ribbon, 13-23 
tests, 13-26 
types, 16-04 
Microvolts, conversion factors, 1-60 
Microwatt, abbreviation, 1-71 
Microwave antennas, 6-86 
instrument landing system, 22-28 
omnidirectional radio range, 22-30 
Microwaves, 1-80 
measurements, 11-69 
frequency, 11-84 
Middle ear, 12-02 
Midohm, properties, 2-07 
Miles, conversion table, 1-47 
nautical, conversion factors, 1-47 
per hour, abbreviation, 1-72 
square, conversion table, 1-48 
statute, conversion factors, 1-47 
Military pace, conversion factors, 1-47 
Miller capacitance effect of wide-band amplifier 
tubes, 7-43 
effect, 4-18, 5-49 
Milliampere, abbreviation, 1-71 
Milligram, abbreviation, 1-71 
conversion factors, 1-54 
Millihenry, abbreviation, 1-71 
conversion factors, 1-63 
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Milliliter, abbreviation, 1-72 
conversion factors, 1-49 
Millimeter, abbreviation, 1-72 
conversion table, 1-47 
gage, 2-13 
square, conversion table, 1-48 
Millimetric waves, 1-30 
Millimicron, abbreviation, 1-72 
Millivolt, abbreviation, 1-72 
conversion factors, 1-60 
Mils, circular, abbreviation, 1-71 
conversion factors, 1-48 
conversion table, 1-47 
square, conversion factors, 1-48 
Mineral oil, 2-52 
dielectric properties, 2-49 
Minerallac, 2-40 
Miner’s inch, conversion table, 1-52 
Minima, 1-13 
Minims, conversion factors, 1-50 
Minimum, abbreviation, 1-72 
attenuation, 5-12, 6-57 
audible field in hearing, 12-05 
audible pressure in hearing, 12-05 
conductance, 5-08 
loss, 5-12 
phase, 5-12 
reactance, 5-08 
resistance, 5-08 
resolvable solid angle, 20-02 
susceptance, 5-08 
visible, 14-43 
Minor third, 10-09 
Minute, abbreviation, 1-72 
Minute (angular measure), abbreviation, 1-72 
Minutes (angle), conversion table, 1-51 
Minutes (time), conversion table, 1-51 
Mixed highs, 20-66 
Mixer matching network, 16-08 
volume controls, 16-07 
Mixing of sound, 16-05 
Mks system, 1-42, 1-45 
rationalized, 1-44, 1-45, 1-46 
unrationalized, 1-44 
Mode separation, magnetrons, 4-45 
Modes, 4-54, 7-101 
cavity resonators, 7-101 
quality factor, 7-101 
Moding, magnetrons, 4-45 
Modulated amplifiers, 7-75 
Modulation, amplitude, 7-71 
carrier wave, 7-70 
cavity, in speech, 12-19 
characteristics of pulses and, 9-23 
defined, 7-70 
distortion, 4-24 
frequency, see F-m 
frictional, in speech, 12-19 
grid, 7-73 
Heising amplitude, 7-74 
index of frequency modulation, 8-03 
modulating wave of, 7-70 
percentage, 11-61 
phase, see Phase modulation 
plate, 7-74 
polarity, 20-19 
power and efficiency of grid-bias-modulated 
amplifiers, 7-73 
products, 11-62 
pulse, see Pulse modulation 
start-stop, in speech, 12-19, 12-20 
systems, 7-72 
comparison, 7-75 
transformer, 6-19 


Modulation, types, 7-71 
amplitude modulation, 7-71 
frequency modulation, 7-71 
vocal-cord, in speech, 12-19 
Modulator-amplifier coupling circuits, 7-74 
Modulators, 7-70 
pulse-time, 9-23 
thyratron, 9-22 
vacuum-tube, 9-22 
Modulus (of complex number), 1-06 
of elasticity, 2-26 
Molded compounds, 2-40 
Molybdenum-iron alloys, 2-62 
permalloy, 2-62 
properties, 2-07, 2-10 
Moment, electric, symbol, 1-73 
magnetic, symbol, 1-73 
of force, conversion table, 1-56 
of inertia, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
Monaural hearing, 16-02 
minimum audible pressure (hearing), 12-06 
Mond, properties, 2-07 
Monel metal, properties, 2-07 
Monitoring facilities, 16-09, 16-26 
Monochord, 11-12 
Monochrome television, 20-02 
Monocular television, 20-02 
Monoscope, 15-25 
Months (average), conversion table, 1-51 
Morse code, 18-03 
Motion, perception of, 14-44 
-picture studios, acoustic design, 12-41 
Motional impedance circle, 5-66 
joints of wave guides, 10-26 
Motor noise, 11-64 
Motorboating of amplifiers, 7-04 
Moving-coil micrsvhone, 13-24 
-coil speaker, 13-11 
-conductor microphone, 13-23 
-conductor speaker, 13-11 
-conductor telephone receiver, 13-17 
object, resolution of, 20-03 
MR Resins, 2-34 
Mu factor, 4-13 
defined, 4-06 
measurement cireuit, 4-13 
Multianode tube, defined, 4-75 
Multiband sets (radio), i-f amplifiers and, 7-58 
Multi-electrode tubes, 5-45 
Multiform glass, 2-40 
Multigrid tubes, 4-03 
Multipath reception, distortion due to, 8-29 
of f-m signal, 8-29 
transmission, causing frequency modulation, 
8-26 
downward amplitude modulation and, 8-29 
selective fading and, 8-29 
Multiple echo, 12-40 
product, 1-02 
-pulse generator, 9-24 
track radar range, 22-30 
tuned antenna, 6-80 
tuning positions of f-m receivers, 8-17 
-unit tube, defined, 4-04 
Multiples, defined, 22-05 
Multipliers, frequency, 9-13 
Multistage amplifier, 7-03 
Multivibrators, free-running, 9-18 
relaxation oscillation in, 7-84 
repetition rate of pulses determined by, 9-19 
triggered, 9-18 
Mumetal. 2-62 
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Musa receiving antennas, 6-83 
Muscovite, 2-39, 2-40 
Muscular reaction, 23-03 
Music, 12-24 
audible frequency range of, 12-30 
effect of cutoff frequency on orchestral quality, 
12-30 
effects of distortion, 12-29 
optimal reverberation times, 12-75 
at different frequencies, 12-75 
peak power, 12-24 
rooms, acoustic design, 12-41, 12-74 
noise levels acceptable in, 12-58 
sound insulation, 12-57 
scales, 11-09 
transmission of, tests for, 12-27, 12-28 
Musical instruments, powers produced by, 12-24 
Mutual capacitance, 11-24 
characteristic, 5-41 
conductance, 4-12 
of tubes, 6-11 
impedances, 6-07 
in coupled circuits, 6-07 
inductance, 1-73, 6-07, 6-13 
Mycalex, 2-38, 2-40 
K, 2-38 
Mycroy, 2-38, 2-40 
Myriagram, conversion factors, 1-54 
Myriameter, conversion factors, 1-47 
square, conversion factors, 1-48 
Myriametric waves, 1-80 


n factorial, 1-02 
Napierian logarithms, 1-19 
Natural frequency of the ear, 12-04 
logarithm, abbreviation, 1-71 
logarithms, 1-19 
Nautical measure, conversion factors, 1-47 
miles, conversion factors, 1-47 
Navaglide instrument landing system, 22-28 
Navaglobe, 22-31 
Naval Observatory time signals, 18-40 
Wavar, 22-29 
WNavascope, 22-29 
Navigation, see also Air navigation; Marine navi- 
gation 
aids, 22-04 
Navy announce equipment, 16-18 
WBS gage, 1-69 
Negative condenser, 5-59 
feedback amplifiers, 7-31, 7-51 
effect on distortion, 7-52 
glow, 4-59 
modulation, 20-19 
resistance magnetrons, 4-40 
Neoprene, 2-40 
properties, 2-28 
Neper, 1-37 
Nernst filament, properties, 2-10 
Nerve conduction, 12-03 
fiber, 12-04 
Net ton, conversion factors, 1-54 
Network switching equipment, for program dis- 
tribution, 16-27 
Networks, all-pass, 5-21 
behavior, 5-29 
bridge, 5-13 
inverse, 5-09 
complementary impedances, 5-10 
connective, loss equalizers, 5-16, 5-18 
loss-phase relation, 5-17 
phase equalizers, 5-16 
corrective, 5-16 
cutoff frequencies, 6-38 
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Networks, delay, 5-30 
differentiating, 5-29 
driving point impedances, 6-35 
excess-phase, 5-33, 5-35 
four-terminal, see Four-terminal networks 
general filter, 6-33 
having any prescribed passive transfer function, 
5-12 
image impedance, 6-37 
image transfer functions, 6-37 
impedance function, 6-35 
integrating, 5-29 
inverse or reciprocal impedances, 5-09 
lattice, 5-13 
linear passive, see Linear passive networks 
L-type, 5-13 
mesh for, 6-34 
method of obtaining second image impedance, 
6-40 
minimum-phase, 5-33 
multi-mesh, 5-05 
nodal equations, 6-34 
of pure reactances, 5-08 
of resistances and capacitances, 5-09 
of resistances and inductances, 5-09 
oscillatory, transient response, 5-31 
parallel type, 6-35, 6-36 
phase-correcting, 5-33 
reactance function, 6-35 
reactive, 5-08 
ladder-type, 5-08 
Mayer's theorem, 6-61 
recurrent, 5-22 
uniform lines, 5-24 
repeating, 5-30 
resonant, 5-30 
series-type, 6-35, 6-36 
short- and open-circuit, 6-37 
simple, transient response, 5-31 
symmetrical, 5-23 
current and voltage relations, 5-23 
impedance relations, 5-23 
incident and reflected waves, 5-23 
tandem combination, 5-23 
T and 7, 5-13 
theorems, 5-12 
compensation, 5-12 
reciprocity, 512 
Thévenin’s, 5-12 
transients in, 5-26 
superposition theorem, 5-34 
two-terminal, inverse, 5-09 
reactive, 6-35 
with distributed constants, 5-24 
Neural pulses, 12-11 
conduction of, to brain, 12-04 
Neuritis, 23-06 
Neutralization, 7-29 
Neutralized receiver, 7-119 
Neutralizing transformer, 10-94 
New British Standard Wire Gage, 1-69 
Newton-meter, conversion factors, 1-56 
Nichrome, properties, 2-07 
V, properties, 2-07, 2-10 
Nickel, 2-03 
-chromium, properties, 2-07 
-iron alloys, 2-62 
properties, 2-07 
-silver, properties, 2-07 
steel, properties, 2-07 
Nickelin, properties, 2-07 
Nicraloy, properties, 2-07 
Nilvar, properties, 2-07 
Nirex, properties, 2-07 
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Nitrobenzene, dielectric properties, 2-50 
Nitrogen, dielectric constant, 2-54 
dielectric properties of liquid, 2-50 
minimum sparking potentials, 2-54 
Nitron, 2-36, 2-41} 
Nixonite, 2-41 
Nixonoid, 2-36, 2-41 
Nodal analysis, method, 5-06 
equations, 5-06 
for networks, 6-34 
Nodes, current, 5-26 
voltage, 5-26 
Noise (noises), abatement, 12-57 
allowable residual, 16-02 
analysis, examples of, 12-58 
analysis of small synchronous motor, 11-64 
atmospheric, 10-42 
audible frequency range, 12-30 
currents, 4-20 \ 
effects on articulation, 12-33 
extraneous, effects on articulation, 12-33 
frequency induction of, 10-74 
generated in vacuum tubes, 4-20 
in buildings, sound levels of, 12-59 
inductive coupling, 10-78 
inductive influence, 10-75 
inductive mitigation of, 10-82 
coupling factors, 10-82, 10-83 
influencing factors, 10-82 
susceptiveness factors, 10-82, 10-85 
inductive susceptiveness, 10-80 “a 
levels acceptable in different buildings, 12-58 
measurement, 11-36, 11-44, 12-57 
out-of-doors, sound levels of, 12-59 
positive-ion, 4-22 
random, 7-127 
range, 12-30 
ratio of speech levels to, 12-72 
-reduction factors, 12-69 
ceilings and, 12-69 
for different amounts of noise, 12-69 
walls and, 12-69 
windows and, 12-69 
-reduction system, 13-49 
resistor, 3-13 
sound insulation against, 12-57 
sound-level meters in measurement, 12-58 
sound levels in or near buildings, 12-59 
spectrum, 11-59 
suppression, 7-126 
thermal-acoustic, 12-06 
traffic, analysis, example of, 12-58 
sound insulation against, 12-57, 12-58 
tube, 4-23 
Non-linear circuits, 5-37, 7-121 
approximate series expansion for plate cur- 
rent of a triode, 5-41 
capacitance variation, 5-41 
characteristics of triode with load, 5-42 
current-voltage characteristic, 5-38 
harmonic analysis of current for a sinusoidal 
applied voltage, 5-46 
inductance variation, 5-40 
multi-electrode tubes, analyses for, 5-45 
power series solution, 5-38 
solution, 5-38 
successive approximations, 5-45 
trigonometric series, 5-39 
distortion, 5-38 
effect of, 12-34 
phase characteristics causing f-m distortion, 
8-26 
Non-loaded cable circuit, 10-03 
open-wire lines, 10-03 
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Non-magnetic materials, 2-64 
Non-matched impedances, in single-mesh circuits, 
6-06 
Non-oscillating magnetrons, 4-40 
Non-polar materials, 2-22 
Non-uniform delay, f-m distortion and, 8-26 
Normal black level, 20-20 
induction, defined, 2-60 
modes of electromagnetic fields, 7-95 
permeability, defined, 2-60 
Nose cavities, speech and, 12-19 
Null in transmission, f-m distortion and, 8-29 
Number of conductors or turns, symbol, 1-73 
of phases, symbol, 1-73 
of poles, symbol, 1-73 
Numeric, 1-46 
Numerical pitch scale, 12-17 
Nylon, 2-41 
properties, 2-28 


Oboe, 12-30 
Observation, errors, 1-15 
Observations, probable value of several, 1-15 
weighted, 1-15 
Octane, dielectric properties, 2-50 
Octave, 11-09 
Octode, defined, 4-04 
Odd-line interlace, 20-06 
Oersted, 1-46 
conversion factors, 1-64 
Office buildings, sound insulation, 12-57 
Offices, private, noise levels acceptable in, 12-58 
public, noise level acceptable in, 12-58 
Ohm, 1-43, 1-44, 1-45, 1-46 
abbreviation, 1-72 
-centimeter, defined, 2-02 
conversion factors, 1-61 
-inch, defined, 2-02 
-meters, conversion factors, 1-61 
per centimeter cube, defined, 2-02 
per meter-gram, 1-61 
per mil foot, 1-61 
defined, 2-02 
per unit weight, 2-16 
thermal, 1-65 
Ohmax, properties, 2-07 
Oils, insulating, 2-52 
Old English Wire Gage, 1-69, 1-70 
Olive oil, dielectric properties, 2-50 
Omnidirectional antennas, using vertical polari- 
zation, 6-84 
range, 22-18 
One-shot amplifiers, 7-31, 7-53 
Open-wire circuit, 10-03 
Opens, 11-41 
Operating conditions, changing, 4-26 
range, 4-06 
Operational impedance, 5-43 
Operator, differential, 5-29 
integral, 5-29 
Optical system, depth of field, 14-13 
depth of focus, 14-13 
electron, general theorems, 14-63 
light-valve recording, 13-48 
reflective, for television projection, 14-20 
stops, 14-13 
Optics, 14-02 
electron, 14-49 
geometrical, 14-02 
Fermat’s principle, 14-02 
vision, 14-25 
Optimal reverberation times, 12-75, 16-03, 16-11 
Optimum angle of current flow, 7-131 
horn, 6-79 


INDEX 3o 


Orchestras, 12-24 Oscillatory circuits, design, 7-86, 7-87 
quality, 12-31 ordinary, resonant concentric lines in, 7-89 
Order of modulation, 11-56 transients, 5-27 
Organs of speech, 12-19 Oscillograph tubes, multiple gun, 15-47 
Orthicon, 15-26 -type cathode-ray tubes, see Cathode-ray tubes, 
image, see Image orthicon oscillograph-type 
resolution, 15-27 Oscilloscopes, cathode-ray, 2-76 
sensitivity, 15-27 | pulse measurements by, 9-10 
signal-to-noise ratio, 15-27 synchroscope type, 9-12 
uniformity, 15-27 Osmium, properties, 2-07 
Oscillating joints of wave guides, 10-26 Ossicles, 12-02 
magnetrons, 4-40 Ostwald calorie, conversion factors, 1-57 
Oscillations, 5-30 Ounce, abbreviation, 1-72 
blocking, 7-86 conversion factors, 1-54, 1-55 
condition for persistence, 7-84 fluid, conversion factors, 1-49, 1-50 
conditions for self-oscillation, 7-84 -foot, abbreviation, 1-72 
non-linear theory, 7-83 -inch, abbreviation, 1-72 
of gas-filled tubes, 7-91 Outdoor address systems, 16-15 
oscillatory circuit design, 7-86, 7-87 Outer ear, 12-02 
parasitic, in amplifiers, 7-28, 7-29 Output capacitance, defined, 4-06 
prevention of, in amplifiers, 7-29 gap, 4-51 
relaxation, 7-84, 7-86 power, standardization, 11-96 
theory of, 7-83 transformers, 6-17 
van der Pol’s equation for non-linear theory, wave spectrum, 11-56 
7-85 Overall selectivity curve, in coupled circuits, 6-10 
variation in frequency of, in oscillator circuits, Overbunching, 4-53 
7-94 Owen bridge, 11-28 
Oscillator, 7-83, see also Oscillatory circuits; Oxide-coated metal, 4-03 
Vacuum-tube oscillators Oxygen, dielectric constant, 2-54 
at high frequencies, 7-89 minimum sparking potentials, 2-54 
audio-frequency, 11-89 Ozite, 15-54 
Barkhausen, 7-91 Ozokerite, 2-41 
buffer amplifier, 4-52 properties, 2-28 
circuits, conventional, 7-84 
classifications, 7-83 - Pace, military, conversion factors, 1-47 
Colpitts, constant frequency circuit derived Pad, 6-05 
from, 7-88 -type resistors, 3-09 
constant-frequency, 7-87 Padding condenser, 3-56 
erystal, 7-92 Paging systems, 16-16 
defined, 7-83 Painting of acoustic material, 12-57 
distortionless, 7-90 Paired echoes, 5-33 
electromechanical, 7-91 Palladium, properties, 2-07 
equivalent circuit, 9-23 Palm, conversion factors, 1-47 
gas-filled, deionization time of gas in operation, | Pancake winding, 6-24 
7-91 Panel dial telephone system, 17-17 
ionization time of gas in operation, 7-91 decoder, 17-20 
Hartley, 7-93 dial pulse register circuit, 17-20 
heterodyne, 11-31 operation, 17-23 
interpolating, 11-10 panel-type selector, 17-17 
frequency comparison with, 11-10 sequence switch, 17-20 
magnetostriction, 7-92 Panelyte, 2-41 
piezoelectric crystal, 7-92 Paper, insulating, 2-41 
plate modulation of, and class C amplifiers, 7-85 kraft, properties, 2-28 
pulse-modulated carrier-frequency, 9-22 Parabola, cutoff, 4-40 
pulse modulation, 9-21 equation, 1-05 
quartz crystal, 7-92 ‘ mensuration, 1-17 
r-f, 11-90 Parabolic reflectors of antennas, 6-78 
resistance-capacitance tuned, 7-90 Paraboloid cylinders of reflectors of antennas, 
self-excited, 4-49 6-78 
separately excited, 7-88 mensuration, 1-18 
sinusoidal, 7-86 Paraboloidal antenna, 6-63 


Paraffin, properties, 2-28 


spark-gap, 7-94 1 : : 
wax, relation between dielectric constant and 


synchronization, 7-88 


tracking of superheterodyne receiver, 7-121 resistivity, 2-51 
triode, 7-89 Paragonite, 2-39 
tuned-plate tuned-grid, 7-83 Paragutta, 2-41 
tuning-fork, 7-91 Parallel resonant circuits, 6-04 
-type relays, electromagnetically operated, tuning, 6-05 
21-23 type networks, 6-35, 6-36 
electrostatically operated, 21-23 Parallelogram, mensuration, 1-17 
use of quartz, 7-92 Paramagnetic materials, 2-57 
use of Rochelle salt, 7-92 Parameters, image, see Image parameters 


use of tourmaline, 7-92 Parasitic oscillation in amplifiers, 7-28, 7-29 
velocity variation, 11-92 Paraxial rays, defined, 14-07 
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Partitions, rigid, coefficients of sound transmis- 
sion, 12-65, 12-66 
Parts, integration by, 1-12 
Pass band of filters, 6-33 
image impedance and, 6-36 
image transfer constant, 6-36 
Passive circuits, attenuators, 6-05 
elements, 6-02 
pads, 6-05 
Pattern sharpness, defined, 22-05 
PBX boards, see Private branch exchange (PBX) 
boards 
Peak angle swing, frequency modulation and, 8-06 
detector, 7-79 
(or crest) forward anode voltage, defined, 4-05 
(or crest) inverse anode voltage, defined, 4-05 
power measurements, 11-81 
speech power, 12-22 
voltmeter, 11-17 
Peanut oil, dielectric properties, 2-50 
Pecks, conversion factors, 1-50 
Peerless, properties, 2-07 
Pennyweights, conversion factors, 1-54 
Pentanes, conversion factors, 1-65 
dielectric properties, 2-50 
Pentode, characteristics, 4-37, 4-38, 4-39 
defined, 4-04 
graphical symbol, 1-77; 
power amplifiers, 7-13 
suppressor-grid, 4-03 
type tubes, 6-11 
voltage amplifiers, 7-11 
Perbunan, 2-35, 2-41 
Percentage articulation for rooms, 12-69 
modulation, measurement, 11-61 
Perception, of depth, 14-45 
of motion, 14-44 
temporal aspects, 14-33 
Perch, conversion factors, 1-47 
of stone, conversion factors, 1-49 
Period, hyperbolic, 1-10 
symbol, 1-73 
transient, 5-27 
trigonometric, 1-08 
Periodic waves, frequency spectrum, 5-28 
Permalloy, 2-62, 2-70 
powdered, 2-62 
Permanent-magnet materials, typical properties, 
2-67 
Permeability, 2-57 
a-c, defined, 2-60 
curves, 2-57 
incremental, defined, 2-60 
initial, defined, 2-60 
magnetic, symbol, 1-73 
normal, defined, 2-60 
relative, cgs unit, 1-46 
mks unit,-46 
symbol, 1-46, 1-73 
reversible, 2-59 
defined, 2-60 
space, 1-44 
cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
superposed, 2-59 
tuning, 3-52 
Permeameters, 2-74 
Permeance, symbol, 1-73 
Permendur, 2-62 
Permenorm, 2-62 
Perminvars, 2-62 
Permittivity, 1-73 
Permutations, 1-03 
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Petrolatum, 2-41 
properties, 2-28 
Petroleum, dielectric properties, 2-50 
ether, dielectric properties, 2-50 
oils, relation between dielectric constant and 
resistivity, 2-51 
Phantom circuit, 10-03 
transposition, 10-78 
Pharynx, speech sounds and, 12-20 
Phase angle, of resistor, 11-24 
symbol, 1-73 
constant, symbol, 1-73 
delay, 5-36 
difference, 2-22 
distortion, 20-05 
linear, 5-36 
modulation, see also Frequency modulation 
discriminator action of detectors, 8-03, 8-19 
Phasitron tube used in, 8-11 
quasi-mechanical method, 8-11 
sideband distribution for, 8-06 
systems, 8-02 
voltage vector with, 8-03 
modulators used for emergency transmitters, 
8-15 
propagation, velocity of, 5-25 
shift, insertion, 5-16 
minimum, 5-17 
slope, 5-36 
swing measurement of f-m equipment, 8-08 
velocity, 5-36 
Phasing of speakers, 16-14 
Phasitron tube, frequency modulation using, 8-11 
Phenix, properties, 2-07 
Phenol, dielectric properties, 2-50 
fiber, 2-41 
Phenolic cast, properties, 2-28 
glass base, power factor at high frequencies, 
2-34 


insulating materials, 2-41 
laminates, properties, 2-28 
mica filled, power factor at high frequencies, 
2-34 
moldings, properties, 2-28 
paper base, power factor at high frequencies, 
2-34 
resins, 2-41 
Phenolite, 2-41 
Phi-phenomenon, 14-44 
Phlogopite, 2-39, 2-41 
Phon of loudness levels (sound), 12-11 
Phonetic printing, visible speech and, 12-21 
speech power, 12-22 
Phonograph, distortion, 12-35 
Phosphor-bronze, properties, 2-07 
crystals, luminescence-active centers in, types, 
15-36 
Phosphorescence, defined, 15-30 
Phosphors, characteristics, 15-37 
corpuscular excitation, 15-34 
defined, 15-31 
mechanisms, 15-34 
photon excitation, 15-35 
preparation and notation, 15-32 
Phot, 1-46 
Photocells, barrier, 15-13 
Photoconductive cells, 15-11 
amplification, 15-13 
frequency response, 15-12 
sensitivity, 15-12 
wavelength response, 15-11 
Photoelectric cathode, graphical symbol, 1-77 
cell, 16-22 
relays, 21-21 
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Photoelectric tube, 15-02 Pistons, multiple, 13-04 
Photoemissive cells, 15-04 Pitch, 2-35 
amplification, 15-10 Pitch (sounds), change, 12-16 
gas-filled, 15-06 comparisons, 12-16 
measuring circuits for use with, 15-09 half, judgments of, 12-16 
sensitivity, 15-07 intervals, 12-17 
vacuum, 15-06 numerical scale, 12-17 
Photofluorograph, 23-16 of low-frequency tones, auditory nerves and, 
Photographic sound recordings, 13-47 12-03 
flash-lamp system, 13-51 variation, 12-16 
Kerr cell system, 13-52 Placement of microphone, 16-05 
light-valve system, 13-48 of speaker, 16-13 
noise-reduction system, 13-49 Placet, properties, 2-07 
reflecting-galvanometer system, 13-50 Planck constant, 1-79 
requirements, 13-54 Planck’s radiation law, 15-30 
sound-on-film system, 13-52 Plane angle, conversion table, 1-51 
sound tracks, variable-area, 13-53 of incidence, 5-53 
variable-denisty, 13-53 waves, progressive, 5-51 
transparencies, 20-03 Plant broadcast systems, 16-16 
Photoluminescence, defined, 15-30 Plaskon, 2-41 
Photometry, 14-14 Melamine, 2-39 
illuminance, 14-16 Plastacele, 2-36, 2-41 
luminance, 14-16 Plaster, 12-54, 12-55, 12-66 
luminous efficiency in, 14-15 board, 12-65 
luminous emittance, 14-17 Plate characteristic, 4-11 
luminous intensity in, 14-15 current detector, resistance coupled to succeed- 
physical, 14-17 ing amplifier tube, 7-78 
relations in non-visual optical systems, 14-18 currents, defined, 4-05 
units in, 14-17 of a triode, 5-44 
visual, 14-17 defined, 4-04 
Photomultiplier tube, 15-10 efficiency, 7-09 
Photon excitation, of phosphors, 15-35 forms of capacitors, 3-57 
Photoresponsive devices, 15-02 graphical symbol, 1-77 
classification, 15-02 -grid transconductance, 5-43 
photoelectric, 15-02, 15-16 modulation, 7-74 
thermal, 15-02, 15-03 piezoelectric, graphical symbol, 1-76 
Phototubes, 4-02 power, of receivers, 7-106 
defined, 4-04 resistance, 4-11 
graphical symbol, 1-76, 1-77 transformer, 6-26 
Photovoltaic cells, characteristics, 15-15 voltage, defined, 4-05 
Physical constants and ratios, 1-79 Platinite, properties, 2-07 
Physiological emf, 23-08 Platinoid, properties, 2-07 
requirements, television, 20-02 Platinum-cobalt alloys, 2-68 
Piano, 12-25, 12-30 -iridium, properties, 2-08 
Piccolastic, 2-41 properties, 2-07, 2-08 
Piccolo, 12-25, 12-30 -rhodium, properties, 2-08 
Pick-up tubes, application, 15-29, 20-07 Plax, 2-41, 2-42 
requirements, 15-19, 20-30 Pleurisy, 23-06 
Picture display devices, 20-08 Plexiglas, 2-39, 2-41, 2-47 
receivers, block diagram, 9-07 Pliolite, 2-41, 2-43 
television, 20-03 Plosive release in visible speech, 12-21 
transmission, by pulses, 9-06 Plug-in type resistors, 3-09 
transmitters, block diagram, 9-07 Pneumatic speaker, 13-17 
scanning functions, 9-07 Point source of radiation, 13-03 
synchronizing functions, 9-07 Polar diagram, 4-49 
tubes, defined, 15-46 materials, 2-22 
deflection and focus, 15-47 Polarity of modulation, 20-19 
Piezoelectric crystal oscillator circuits, 7-93 Polarization, electric, symbol, 1-73 
erystal oscillators, 7-92 magnetic, symbol, 1-73 
crystals, 13-55 television, 20-20 
application, 13-58 Pole, conversion factors, 1-47 
defined, 13-55 lines, 10-49 
definition of effects, 13-56 basic conductor loadings, 10-51 
microphone, 13-25 guying, 10-55 
plate, graphical symbol, 1-76 joint use, 10-50 
properties of crystal in oscillators, 7-93 loading calculations, wire equivalents, 10-52 
telephone receiver, 13-18 strength, magnetic, cgs unit, 1-46 
Pigmentation, 23-07 mks unit, 1-46 
Pinna of ear, 12-02 symbol, 1-46, 1-73 
Pint, abbreviation, 1-72 Polectron, 2-41, 2-47 
conversion factors, 1-49, 1-50 Poles, cross-arms on, 10-55 
Pipe organ, 12-25 open wire, 10-55 
Pistons, 13-04 spacing, 10-55 


enclosed back, 13-05 treatment, 10-54 
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Police radio, 16-35 
equipment, 16-37 
frequency allocation, 16-36 
power and range of, 16-37 
Polyamides, 2-41 
Polychlorostyrene, power factor at high frequen- 
cies, 2-34 
Polycylindrical sound diffusers, 12-70, 12-71 
Polydichlorostyrene, 2-42 
properties, 2-28 
Polyethylene, 2-42 
power factor at high frequencies, 2-34 
properties, 2-28 
Polyflex, 2-42 
Polystyrene, 2-34, 2-42 
modified, 2-42 
power factor at high frequencies, 2-34 
properties, 2-28 
Polytetrafluoroethylene, 2-42 
power factor at high frequencies, 2-34 
properties, 2-28 
Polythene, 2-42, 2-47 
Polyvinyl acetal resin, 2-34 
carbazole, power factor at high frequencies, 
2-34 
Poncelet, conversion factors, 1-58 
Pool cathode, defined, 4-75 
graphical symbol, 1-78 
-cathode tubes, 4-75 
available, 4-76 
classification, 4-77 
tube, defined, 4-75 
Porcelain, 2-42 
properties, 2-10, 2-28 
wet process, power factor at high frequencies, 
2-34 
Porches, television, 20-16 
Porous materials, 12-62 
Positive-ion current, 4-03 
modulation, 20-19 
noise, 4-22 
Potassium, properties, 2-08 
Potential difference, 1-60 
electric, symbol, 1-73 
gradient, cgs unit, 1-46 
conversion table, 1-60 
mks unit, 1-46 
symbol, 1-46 
magnetic, symbol, 1-73 
magnetic vector p., symbol, 1-73 
retarded scalar, symbol, 1-73 
retarded vector p., symbol, 1-73 
Potentiometers, 3-17 
carbon composition type, 3-20 
defined, 3-02 
step-type, 3-20 
wire-wound, 3-18 
Pound, abbreviation, 1-72 
British imperial, 1-42 
conversion factors, 1-54, 1-55 
-foot, abbreviation, 1-72 
conversion factors, 1-56 
-inch, abbreviation, 1-72 
per square foot, abbreviation, 1-72 
per square inch, abbreviation, 1-72 
U. S. avoirdupois, 1-42 
Poundals, conversion factors, 1-55 
Power, active, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46, 1-73 
amplification, 7-03 
amplifiers, 7-131 
Doherty, 7-131, 7-132 
negative feedback applied to, 7-133 


Power amplifiers, plate-circuit modulation used 


in, 7-132 
r-f harmonic radiation, 7-132 
shunt neutralization employed in, 7-132 
apparent, symbol, 1-73 
circuit transposition, 10-79 
conversion table, 1-58 
factor, 2-22 
abbreviation, 1-72 
symbol, 1-73 
gain of receiving antennas, 6-72 
level, 1-41 
loss, 2-22 
measurement, 11-102 
musical instruments, 12-24 
pulse, 9-10 
radiated, 5-52 
reactive, cgs unit, 1-46 
mks unit, 1-46 | 
symbol, 1-46, 1-73 
reference levels, 1-41 
requirements, 16-13 
series solution, 5-38 
speech, 12-22 
supply, 7-106 
systems, coordination of communication and, 
10-67 
transfer, 5-15 
insertion loss, 5-15 
insertion phase shift, 5-16 
reflection factor, 5-15 
symmetry factor, 5-15 
transition loss, 5-15 
transformers, 6-26 
calculation of performance, 6-29 
construction, 6-27 
copper loss of windings, 6-29 
core loss, 6-28, 6-29 
design procedure, 6-28 
efficiency, defined, 6-30 
flux density, 6-28 
heating, 6-29 
insulation, 6-29 
regulation of secondary winding, 6-30 
size, 6-26 
volt-ampere rating, 6-26 
-type resistors, layer windings, 3-07 
non-inductive windings, 3-07 
Poynting’s vector, 5-51 
symbol, 1-73 
Practical electrical units, 1-44 
Precision-type resistors, 3-07 
Preferred resistance values, 3-12 
Premier, properties, 2-08 
Preselector, 7-119 
Pressboard, 2-43 
properties, 2-28 
Pressure, audible, 12-05 
egs unit, 1-46 
conversion table, 1-56 
difference microphone, 13-23 
mks unit, 1-46 
symbol, 1-46 
wind, 10-53 
Prestite, 2-43 
properties, 2-28 
Primary daytime coverage, 16-32 
electrical quantities, 11-16 
feed of microwave antennas, 6-77 
Principal diagonal (determinant), 1-04 
night-time coverage, 16-32 
service, 16-32 
Prisms, electron, 14-62 
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Prisms, with parallel sides and parallel ends, men- 
suration, 1-18 
Private branch exchange (PBX) boards, dial 
units, 17-116 
equipment, 17-114 
manually operated, 17-114 
protection, 17-116 
Probable error, in result calculated from means of 
several observed quantities, 1-16 
of any one of several observations, 1-16 
of arithmetical mean, 1-16 
Product curve, of permanent-magnet materials, 
2-65 
Program amplifier, 16-09 
lines, classes, 16-27 
service, facilities, 17-103 
requirements, 17-101 
special features, 17-105 
volume range, 16-34 
Progression, arithmetical, 1-02 
geometrical, 1-02 
Progressive plane waves, 5-51 
universal winding, 3-34 
Projection practices, 16-21 
tubes, defined, 15-46 
Propagation constant, 5-25 
symbol, 1-73 
wave, Huygen’s principle, 6-76 
Properties, of materials, Section 2 
Psychoses, 23-04 
Public-address systems, 16-14 
classification, 16-14 
Pulling figure, 4-49 
Pulsating sphere, 13-03 
Pulse amplifiers, 7-31, 7-55, 9-14 
coupling time constant, 9-14] 
i-f, 9-14 
recovery time, 9-14 
rise time of input pulse and, 9-14 
video frequency, 9-15 
amplitude, measurement of, by comparison 
with continuous wave, 9-11 
pulse measurements and, 9-10 
broad television, 20-13 
circuits, 9-13 
delay lines, 9-28 
frequency counters, 9-13 
frequency dividers, 9-13 
frequency multipliers, 9-13 
vacuum tubes and, 9-26 
coding, 9-02 
counter, elementary, 9-25 
frequency control, 8-14 
detection, output envelope of pulsed oscillator, 
9-06 
with background noise, 9-05 
with echo, 9-06 
detectors, 9-24 
double-pulse decoder, 9-26 
duration, 9-11 
measurements, 9-10 
by bolometer bridge, 9-11 
by oscilloscope, 9-10 
calorimeter used in, 9-12 
lamp used in, 9-12 
pulse frequency, 9-12 
modulation, 9-05 
basic types, 9-03 
of an oscillator, 9-21 
types, 9-03 J 
used in low-speed and high-speed code trans- 
mission, 9-05 
narrowing in pulse shaping circuits, 9-15, 9-16 
power, pulse measurements and, 9-10 
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| Pulse selection, 9-25 
by pulse duration, 9-25 
coincidence mixer tube and, 9-25 
shaping circuits, baseline clamping, 9-17 
clamping or d-c reinsertion, 9-17 
differentiation of pulse in, 9-15 
narrowing by r-c differentiation, 9-16 
narrowing by use of delay line, 9-16 
narrowing by use of oscillatory circuit, 9-16 
operating conditions of tubes in, 9-15 
pulse narrowing in, 9-15 
pulse widening, 9-16 
squaring a sine wave, 9-15 
systems, communication, 9-05 
computers, 9-08 
multiplex operation of several channels by, 
9-05 
techniques, 9-02 
electronic, 9-02 
thyratrons, 4-69 
-time modulation, multiplex operation of sev- 
eral channels by, 9-05 
-time modulator, 9-23 
timing circuits, 9-19 
blocking oscillators, 
9-20 
delay line used to control repetition rate of 
pulses in, 9-19 
duration of pulses and, 9-20 
transformers, 6-32, 9-27 
wave forms, 9-27 
tubes, 9-26 
Pulsed waves, 9-02 
comparison of continuous waves and, 9-02 
Pulses, 9-02 
core materials for application, 9-28 
delayed, 9-21 
circuits, 9-21 
duration, 9-11 
equalizing, 20-13, 20-17 
frequency spectrum of, 9-11, 9-12 
from diverse locations, 9-10 
modulating, basic types, 9-03 
characteristics, 9-23 
phase modulation, 9-26 
picture transmission, 9-06 
reflection, 9-10 
repeating, average value of power, 9-11 
details, 9-12 
frequency of, 9-12 
return, 9-10 
speed of information and, 9-03 
square, widening of, by reduction of frequency 
bandwidth, 9-04 
synchronizing, 20-16 
time modulation, 9-26 
timing, distance measured by, 9-09 
types of modulation, 9-03 
use in measurements, 9-02 
use in signaling, 9-02 
Pumped rectifier, defined, 4-75 
Pupil (eyes), 14-27 
Pure coupling in passive circuits, 6-07 
imaginary, 1-06 
vowels, 12-20 
Pushbutton sets, broad i-f amplifiers used in local 
oscillator in, 7-60 
tuners, tests on, 11-47 
Pushing, defined, 22-06 
Pushpull amplifiers, 7-10 
output transformer, 6-18 
Pylon antenna, 6-86 
Pyralin, 2-36, 2-43 
Pyramid richt, mensuration, 1-18 


pulse duration and, 
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Pyramidal horn, radiation from wave guides 
formed by, 6-63 

Pyranol, 2-52 

Pyrex, 2-43 

Pyridine, dielectric properties, 2-50 

Pyrotenax, 2-39 

Pyroxylin, 2-43 


Q, 3-48 
air gaps, 3-49 
core loss and, 3-52 
for mode of cavity resonator, 7-101 
maximum, 3-49 
optimum, 3-48 
optimum permeability, 3-49 
Q Max., 2-43 
Quadded cable, 10-03 
Quadrants, conversion table, 1-51 
Quadratic equation, 1-03 
Quadripoles, equivalent, 5-13 
Quality of a reactor, symbol, 1-73 
Quantities, complex, 1-06 
electrical, letter symbols for magnitudes, 1-72 
imaginary, 1-06 
Quantity, electrical, cgs unit, 1-46 
conversion table, 1-58 
mks unit, 1-46 
symbol, 1-46 
of heat, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
Quarter, conversion factors, 1-54 
section, conversion factors, 1-48 
wave antennas, 6-36, 6-70 
Quarts, abbreviation, 1-72 
conversion factors, 1-50 
liquid, conversion table, 1-49 
Quartz, 13-58 
crystal oscillators, 7-92 
Dauphine twinning, 13-60 
defects, 13-60 
fused, 2-43 
properties, 2-28 
physical properties, 13-59 
power factor at high frequencies, 2-34 
principle cuts, 13-62 
properties, 2-10 
resonators, 11-12 
use in oscillators, 7-92 
use in piezoelectric crystals, 13-56 
useful orientations, 13-60 
Quasi-optical antennas, 6-63 
Quasi-steady-state analysis for f-m distortion, 
8-26 
Quiescent point, defined, 4-06 
Quinoline, dielectric properties, 2-50 
Quintal, conversion factors, 1-54 


Radar, 22-44 
antenna system, 22-46 
beacons, 22-47 
marker, 22-48 
reflector, 22-48 
carrier frequency, 22-45 
duty cycle, 22-45 
indicator, 22-46 
installation, 22-47 
maintenance, 22-47 
maximum range, 22-46 
minimum range, 22-46 
monitor for airport traffic control, 22-24 
operation, 22-47 
power supply, 22-46 
presentation, 22-47 
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Radar, principles, 22-44 
pulse repetition rate, 22-45 
receiver, 22-46 
resolution, 22-46 
synchronizer, 22-46 
timer, 22-46 
transmitter pulse width, 22-45 
transmitters, 22-46 
Radial deflection tubes, 15-47 
Radians, conversion table, 1-51 
Radiated powers, 5-52 
Radiation, 5-49 
acoustic, 13-03 
efficiency of antennas, 6-68 
electromagnetic, 5-49 
in free space, 10-29 
of microwave antennas, 6-77 
resistance of antennas, 6-68 
secondary, 23-15 
soft, of x-ray, 4-82 
thermal, 15-29 
Radiator, elementary, 5-52 
Radio antennas, 6-62 
flat-top of, 6-62 
general function and description, 6-62 
lead-in, 6-62 
loop, 6-62 
broadcast, 16-25 
frequencies, 11-14 
amplifiers, 7-22, 7-24 
markers, 22-09 
-phare, 22-05 
police, 16-35 
equipment, 16-37 
frequency allocation, 16-36 
power and range, 16-37 
propagation, 10-29 
range, defined, 22-05 
low-frequency, 22-06 
visual two-course, 22-08 
receivers, 7-115; see also Receiver circuits; 
Receivers 
antenna coupling circuit, 7-115 
functions, 7-115 
gain and selectivity sources, 7-58 
high-inductance antenna coupling of, 7-115 
spectrum, general view, 10-29 
stations, range of, 10-47 
studios, 12-02 
noise levels acceptable in, 12-58 
telegraph, control channels, 18-60 
bandwidths, 18-61 
recorder drive, 18-61 
tone keyers, 18-60 
tone signal converters, 18-60 
fading, reduction of, 18-57 
frequencies, 18-56 
frequency shift keying, 18-58 
interference, 18-58 
receiver sites, 18-56 
traffic office, equipment, 18-58 
transmitter sites, 18-56 
telephone broadcasting, 16-25 
fidelity requirements of system, 16-33 
frequency allocation, 16-30 
program distribution systems, 16-27 
program lines, 16-27 
station service, 16-32 
transmitter plant, 16-28 
telephone systems, 17-54 
coastal harbor and inland waterways, 17-59 
highway mobile, 17-59 
installation, 17-66 
railway mobile, 17-60 
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Radio telephone systems, rural subscriber, 17-60 
special emergency, 17-61 
two-way operation, 17-62 
interconnecting with two-wire extensions, 
17-63 
with four-wire terminals, 17-62 
telephone transmission, 17-61 
operational methods, 17-61 
privacy, 17-62 
requirements, 17-65 
single sideband, suppressed carrier, 17-61 
spread sidebands and carrier, 17-61 
two sidebands and carrier, 17-61 
two sidebands, suppressed carrier, 17-61 
transmission, national and international regu- 
lations, 7-129 
transmitters, 7-129 
a-m, 7-129 
audio amplifiers, 7-134 
circuit Q and, 7-130 
frequency control, 7-129 
harmonic amplifiers and, 7-130 
high-power, 7-136 
audio equipment, 7-136 
incidental phase modulation, 7-136 
installation, 7-134 
intermediate-r-f amplifiers, 7-129 
interstage coupling circuits, 7-129 
multiple resonances and, 7-129 
parasitics and, 7-129 
low-power, 7-136 
modulation characteristics 
7-135 
negative feedback and, 7-133 
oscillator power, 7-129 
power amplifiers and, 7-131 
rectifier and power equipment, 7-137 
scope, 7-129 
substation for power, 7-137 
unmodulated intermediate amplifiers, 7-130 
wavemeter, 11-12 
waves, pulsed, 9-02 
Radiohm, properties, 2-08 
Radiometer, 15-04 
Radiosondes, 22-13 
Radiothermy, 23-04 
Range, auditory, 9-06 
music, 12-30 
of radio station, 10-47 
Ranges, standard r-f, 1-80 
Raster, 20-03 
Rate of doing work, conversion table, 1-58 
Ratio, aspect, 20-03, 20-20 
f-m detection, distortion and, 8-29 
logarithmic voltage, 1-38 
of electrostatic to electromagnetic 
1-79 
of mass of H to mass of electron, 1-79 
physical constants and, 1-79 
-type frequency detectors, 8-21 
Rationalized mks units, 1-45 
Ray acoustics of rooms, 12-41 
Rayo, properties, 2-08 
Rayon, 2-43 
R-c coupled amplifiers, 7-04, 7-90 
tuned oscillators, 7-90 
RCA broadside arrays antennas, 6-65 
Reactance, capacitative r., symbol, 1-73 
coupling, 6-07, 6-08, 6-09 
function of networks, 6-35 
inductive r., symbol, 1-73 
minimum, 5-08 
mutual r., symbol, 1-73 
self r., symbol, 1-73 


measurements, 


units, 
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Reactance, symbol, 1-73 
tubes, frequency modulation by, 8-12 
Reactive component of input admittance, 4-18 
factor, symbol, 1-73 
kilovolt-ampere, abbreviation, 1-72 
power, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
volt-ampere, abbreviation, 1-72 
Reactors, audio frequency plate, 3-48 
rectifier-filter, 3-48 
saturable, 3-48 
Rear feed for reflectors of antennas, 6-86 
Receiver circuits, compensated volume control, 
7-126 
distribution of amplitude, 7-128 
distribution of envelope amplitude vs. time, 
7-128 
effect of audio transformer on fidelity, 7-126 
random noise, nature of, 7-128 
tone control, 7-126 
power supply, 7-106 
typical, 7-107 
Receivers, 7-115; see also Radio receivers; Re- 
ceiver circuits 
a-c operated, filament power for, 7-106 
aircraft, 22-21 
all-wave, 7-124 
audio output, 7-124, 7-125 
automatic direction finder, 22-11 
automatic volume control, advantage of, 7-125 
erystal detector, 7-117 
fidelity characteristics, 7-125 
f-m, see F-m receivers 
f-m—a-m, 8-17 
circuit diagram, 8-18 
Johnson noise, 7-127 
neutralized, 7-119 
noise factor, 7-127 
noise suppression, 7-126 
noise suppressor circuit, 7-127 
one-tube superregenerative, 7-118 
picture, 9-07 
radio, see Radio receivers 
random noise, 7-127 
receiving tubes in, voltage supply for plate cir- 
cuits of, 7-106 
reception of continuous wave code signals, 
7-124 
reduction of effect of fading signals, 7-125 
regenerative, 7-117 
objection to, 7-117 
oscillation, 7-117 
regenerative detector, 7-124 
circuit, 7-124 
resistance-coupled audio amplifier, 7-125 
shot effect in vacuum tubes, 7-127 
six-tube superheterodyne, 7-120 
superheterodyne, combined first detector and 
oscillator, 7-119 
frequency converter, 7-119 
preselector, 7-119 
superregeneration of the blocking type in, 7-117 
telephone, seé also Telephone receivers 
graphical symbol, 1-76 
simple, 5-65 
television, 20-46 
thermal agitation, in circuit resistances, 7-127 
tuned r-f, 7-118 
neutralization use to eliminate oscillation, 
7-119 
regeneration in multistage amplifiers, 7-118 
tuning indicators, 7-124 
types, 7-117 
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Receiving tube classification chart, 4-28 
Reciprocal impedances, 5-09 
Reciprocity theorem, for linear networks, 5-12 
of Lord Rayleigh, 10-29 
Recording practices, 16-19 
studios, noise levels acceptable in, 12-58 
polycylindrical sound diffusers, 12-71 
sound insulation, 12-57 
wave analyzer, 11-65 
Recordings, see Magnetic recordings; Mechanical 
recordings; Photographic sound recordings 
Recovery time in pulse amplifier, 9-14 
Rectangular hyperbola, equation, 1-05 
wave guides, 10-11 
bends, twists, and angles, 10-21, 10-22 
Rectification diagrams, 7-79 
Rectifier circuits, 7-110 
class B modulator, 7-113 
control systems, 7-114 
double output, 7-110 
double-stage filter, 7-112 
filter chokes, 7-113 
high-voltage transformers, 7-110 
rectifier control systems, 7-114 
rectifier-tube operation, 7-113 
single-stage filter, 7-112 
telephone, linear amplifier, 7-112, 7-113 
tube, 1-76, 4-28 
tube heater delay, 7-114 
tube-failure prediction, 7-114 
wave form, 7-107 
pumped, defined, 4-75 
tubes, mercury-vapor, 7-108 
output characteristics, 7-108 
supply filter, 7-108 
Rectifiers, 3-25 
application, 21-03 
circuit, 21-03 
classification, 4-03 
contact, 11-17 
controlled, 21-09 
double output, 7-110 
electronic, 21-02 
gas-filled, 4-03 
high vacuum, 4-03 
ignitron, 21-10 
mercury-are, 4-77 
non-controlled, 21-08 
transformers used in, 7-110 
types used in transmitters, 7-109 
vacuum tube, 7-106 
Recurrent networks, see Networks, recurrent 
Red cadmium line, wave length, 1-79 
Redray, properties, 2-08 
Reference level, 1-41 
noise, 11-37 
pressure of sound, 12-05 
volume, 16-10 
Reflected component, 5-23 
waves, symmetrical networks, 5-23 
uniform lines, 5-25 
Reflecting field, 4-54 
Reflection, 14-02 
at spherical surfaces, 14-05 
coefficient plane, 4-56 
diffuse, 14-04 
factor, 5-15 
law, 14-03 
losses, 5-16 
of pulse in distance measurement, 9-10 
Reflectivity, acoustic, 12-40 
Reflectors of antennas, 6-78 
Reflex klystrons, 4-54 
tubes, external cavity type, 4-57 
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Reflex tubes, internal cavity type, 4-57 
Refraction, 14-02 
at spherical surfaces, 14-05 
dispersion, 14-05 
index, 5-53 
law, 14-02 
sound, 12-60 
Refrax, properties, 2-10 
Regeneration in multistage amplifiers of tuned 
r-f receivers, 7-118 
Regenerative receivers, 7-117 
objection to, 7-117 
oscillation, 7-117 
Register ton, conversion factors, 1-50 
Regulators, voltage, 4-08 
Relative capacity, symbol, 1-72 
permeability, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
Relaxation circuits, 9-17 
blocking oscillator, 9-18 
flip-flop circuit stable in either condition, 
9-17 
free-running multivibrator, 9-18 
triggered multivibrator, 9-18 
oscillation, 7-84 
Reluctance, magnetic, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
symbol, 1-73 
Reluctivity, symbol, 1-73 
Remalloy, 2-66, 2-67 
Remote cutoff tube, 4-25 
Repeater, 7-13 
Repeller, 4-54 
Repetition test, 12-28 
Reproducing of sounds, 13-37 
Reproduction systems, 16-02 
Residual induction, defined, 2-60 
Resimene, 2-39, 2-43 
Resinox, 2-43 
Resins, acrylic, 2-34 
alkyd, 2-34 
allyl, 2-34 
Resistance, acoustic, 13-02 
are, 2-24 
capacitance coupling, 7-04 
-coupled audio amplifier of receivers, 7-125 
coupling, 6-07, 6-08, 6-09 
electrical, egs unit, 1-46 
conversion table, 1-61 
mks unit, 1-46 
symbol, 1-46 
electrode, 4-11 
equivalent negative, 7-28 
equivalent-noise, 4-21 
grid, 4-11 
insulation, 2-23 
lamps, 3-22 
loads, 5-42 
measurement, 11-23 
measurements of, audio-frequency transform- 
ers, 6-25 
minimum, 5-08 
mutual r., symbol, 1-73 
plate, 4-11 
radiation, 6-68, 13-02 
self r., symbol, 1-73 
stabilization in tuned r-f receivers, 7-118 
standard, 11-18 
decade, 11-20 
symbol, 1-73 
-temperature coefficient, symbol, 1-73 
Resistivity, defined, 2-02 
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Resistivity, earth, 10-32 
electrical, cgs unit, 1-46 
conversion table, 1-61 
mks unit, 1-46 
symbol, 1-46 
surface, 2-23 
symbol, 1-73 
thermal, conversion table, 1-65 
units, defined, 2-02 
volume, 2-23 
Resistoflex, 2-43 
Resistors, 3-02 


Reverberation, at different frequencies, 12-47 


combined effects of loudness and, 12-74 

effect on hearing of speech, 12-73 

equations, 12-43 

formula, modification of, 12-43 

free decay of modes of vibration and, 12-45 

in auditoriums, 12-73 

in coupled spaces, 12-46 

measurement, 12-48 

percentage articulation for various size rooms 
and different times of, 12-74 

room, effect on articulation, 12-38 


adjustable or variable, graphical symbol, 1-76 
classifications, 3-04 
close-tolerance, 3-06 
color code, 3-12 
composition carbon, 3-11 
defined, 3-02 
deposited-carbon, 3-15 
energy dissipation, 3-03 
fixed resistance, 3-11 
flat-type, 3-09 
flexible, 3-09 
frequency characteristic, 3-03, 3-14 
graphical symbol, 1-76 
in printed circuits, 3-22 
low-power, 3-07 
metal film, 2-17 
non-ohmic, 3-23 
pad-type, 3-09 
physical and electrical considerations, 3-02 
plug-in type, 3-09 
power ratings, 3-03 
power-type, 3-05 

layer windings, 3-07 

non-inductive windings, 3-07 
precision-type, 3-07 
resistance tolerance, 3-03 
resistance value, 3-02 
special-purpose, 3-21 
specifications, 3-05 
spool type, 3-09 
stability with age, temperature, and humidity, 

3-04 

temperature rise, 3-03 
tests, 3-05 
thermal, typical characteristics, 11-77 
winding types, 3-09, 11-19 
wire-wound, 3-05 


Resolution, television, 20-02, 20-06, 20-66 
Resonance, 5-30, 6-02 


analyzers, 11-58 

effect of, 12-33 
frequency formulas, 11-03 
frequency meter, 11-11 
measurements, 11-27 
room, 12-45 


Resonant antennas, 6-81 


circuits, 6-02 
magnetron, graphical symbol, 1-78 
-V antennas, 6-83 


Resonators, 4-42 


cavity, see Cavity resonators 
quartz, 11-12 
unsealed, humidity changes, 11-88 


time, 12-40, 12-48, 12-44, 12-45, 16-03 
optimal, 12-75, 16-03, 16-11 
Reversible permeability, defined, 2-60 


Revolutions (circumferences), conversion table, 


1-51 
Revolutions per minute, abbreviation, 1-72 
per second, abbreviation, 1-72 
R-f amplifiers, 7-22 


circuits, effect of, on fidelity curve of receivers, 


7-125 
gain and bandwidth, 11-53 
signal, 20-17 
Rheostats, 3-02, 3-17 
defined, 3-02 
physical and electrical considerations, 3-02 
power-type, 3-19 
wire-wound, 3-18 
Rheotan, properties, 2-08 
Rhodium, properties, 2-08 
Rhombic antennas, 6-64, 6-83 
Ribbon microphone, 13-23 
speaker, 13-11 
Rice system for neutralization, 7-29 
Richardson’s temperature law, 4-09 
Rickets, 23-08 
Rieke diagram, 4-49, 4-56 
Right circular cone, mensuration, 1-18 
circular cylinder, mensuration, 1-18 
cylinders, modes in, mode-shape factor, 7-101 
pyramid, mensuration, 1-18 


rectangular cylinder cavity resonator, 7-96, 


7-99, 7-101 
Rigid partition, 12-65 
Ripple frequency, 7-109 
Rise time of input pulse in amplifiers, 9-14 
Rising sun anode block, 4-42 
RMA color code, 3-12 
preferred numbers, 3-12 
Rochelle salt, 13-56 
properties, 13-65 
use in oscillators, 7-92 
use in piezoelectric crystals, 13-56 
useful cuts, 13-67 
Rocket antennas, 6-85 
Rod, conversion factors, 1-47 
square, conversion factors, 1-48 
Roebling gage, 1-69 
Roentgen therapy, apparatus, 23-12 
van de Graaff generator, 23-12 
general technical requirements, 23-12 
purpose, 23-12 
technique, 23-13 
Roentgenography, apparatus, 23-15 
general technical requirements, 23-14 


Respiration, artificial, 23-18 

Respiratory muscles, speech and, 12-19 
Restaurants, noise levels acceptable in, 12-58 
Restrictions for physical realizability, 5-11 
Resuscitation, 23-18 

Retina, of eyes, 14-25 

Retrace, television, 20-06 

Return of pulse in distance measurement, 9-10 
Reverberation, 12-40 


industrial, tubes, 4-89 
medical, tubes, 4-86 
purpose, 23-14 
technique, 23-14 


Roentgenoscopy, apparatus, 23-15 


general technical requirements, 23-14 
purpose, 23-14 
technique, 23-14 
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Roentgenoscopy tubes, 4-86 
Roods, conversion factors, 1-48 
Rooms, acoustic properties, 12-39 
banking, noise level acceptable in, 12-58 
conference, noise levels acceptable in, 12-58 
growth and decay of sound, 12-42 
lecture, 12-42 
live, reverberation equations and, 12-43 
music, see Music rooms 
normal frequencies for acoustics, 12-45 
percentage articulation, 12-69 
resonance, 12-45 
resonant frequencies for acoustics, 12-45 
speech power of speakers in various sizes, 12-73 
Root-mean-square, 1-74 
abbreviation, 1-72 
Ropes, conversion factors, 1-47 
Rose’s metal, properties, 2-08 
Rosin, 2-43 
oil, dielectric properties, 2-50 
properties, 2-28 
Rotary joints of wave guides, 10-26 
Rotational frequency, symbol, 1-73 
Rotative operators, symbols, 1-73 
R-63 alloy, properties, 2-08 
Rubber, cyclicized, 2-43 
hard, 2-43 
power factor at high frequencies, 2-34 
properties, 2-28, 2-30 
sponge, compliance and resistance data in insu- 
lation of vibration, 12-62 
synthetic, properties, 2-30 
vulcanized, 2-44 
Rubidium, properties, 2-08 
Rug, 12-54 
Rutile, 2-45 


Sabin of acoustic properties of rooms, 12-40 
Safiex, 2-45, 2-47 
Saran, 2-45, 2-47 
properties, 2-30 
Saturable reactors, 3-48 
Saturated sleeving, 2-45 
Saturation induction, defined, 2-60 
permeameter, 2-74 
Saxophone, 12-25, 12-30 
Scala media of ear, 12-03 
tympani of ear, 12-03 
vesitibuli of ear, 12-03 
Scales, temperature, 1-43 
conversion table, 1-64 
Scaling, magnetrons, 4-45 
Scalloping, defined, 22-06 
Scanning, 20-03 
circuits, for cathode-ray devices, 20-08 
for electrostatic deflection, 20-08 
horizontal resolution, 20-04 
interlaced, 20-05 
keystone correction, 20-11 
magnetic, circuits, 20-10 
output amplifiers, 20-61 
mechanical, 20-07 
method of microwaves in direction finding, 
6-87, 6-88 
vertical resolution, 20-04 
Schematic eye, 14-28 
Schering bridge, 11-26 
Schools, address systems, 16-18 
sound insulation, 12-57 
Scophony, 20-08 
Scotch tape, 2-45 
Scotophors, characteristics, 15-37 
defined, 15-32 
mechanisms, 15-36 


Screen-grid, defined, 4-04 
lead inductance, 4-17 
tubes, 4-03, 6-11 
Screens, cathode-ray-tube, 15-37 
intensifying, 23-15 
luminescent, see Luminescent screens 
Scruples, conversion factors, 1-55 
Sealed tube, defined, 4-75 
Secant, 1-07 
abbreviation, 1-72 
hyperbolic, 1-10, 1-26 
Sech, 1-10, 1-26 
Second (time), abbreviation, 1-72 
standard, 1-43 
Second (angular measure), abbreviation, 1-72 
Second harmonic distortion, 4-24 
in f-m systems, 8-28 
Secondary daytime coverage, 16-32 
emission, defined, 4-05 
night-time coverage, 16-32 
radiation, 23-15 
service, 16-32 
Seconds (angle), conversion table, 1-51 
Seconds (time), conversion table, 1-51 
Section of land, conversion factors, 1-48 
Sectionally wound coils, use in i-f amplifiers, 7-58 
Selectance, 7-115 
Selective fading, multipath transmission and, 
8-29 
Selectivity, determination, in superheterodyne re- 
ceivers, 7-56 
in coupled circuits, 6-10 
Selectron, 2-39 
Self-admittance, 5-06 
Self-excited oscillator, 4-49 
Self-impedances, 6-07 
Self-inductance, symbol, 1-73 
Self-oscillation, conditions, 7-84 
Self-reactances, in coupled circuits, 6-07 
Self-resistances, in coupled circuits, 6-07 
Semiabsolute system, 1-45 
Semi-butterfly circuit, 3-57 
Semicircular canal of ear, 12-02 
plate forms, 3-57 
Semi-remote cutoff tube, 4-26 
Semi-tone, 11-09 
Sendust, 2-62 
Sensation area, auditory, 12-08 
unit, 1-38 
Sensitivity, determination, in superheterodyne 
receivers, 7-56 
ear, 12-08 
Sequential television, 20-65 
Series expansion, for plate current of a triode, 
5-41 
mathematical, 1-17 
plate circuit, 5-41 
power, 5-38 
resonant circuits, 6-02 
Taylor’s, 1-17, 5-38 
trigonometric, 5-39 
-type networks, 6-35, 6-36 
Service broadcast range, 10-47, 16-32 
Shape of room, effect of, 12-69 
Sharpness, 20-02 
roentgenographic, 23-14 
Sheet metal gages, 1-66 
Shellac, 2-45 
properties, 2-30 
Shield, within envelope, graphical symbol, 1-78 
Shielded loop antennas, 6-87 
Shielding cans, input and interstage transformers 
and, 6-21 
large, use in i-f amplifiers, 7-58 
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Shielding, problems, 11-101 
Shin, 1-10, 1-26 
Shipping measure, conversion factors, 1-50 
ton, 1-50 
Shock, acoustic, 10-92 
electric, 23-17 
Shock therapy, 23-02, 23-04 
Shockproof x-ray diffraction tube, 4-89 
Short ton, conversion factors, 1-54 
wave, 10-40 
-wave antennas, locations, 6-75 
sets, 7-60 
Shot effect, 4-20 
Shunt-fed antenna, 6-81 
neutralization employed in power amplifiers, 
7-132 
peaked amplifiers, 7-33 
circuit, 7-33 
inductance in terms of frequency and plate 
load, 7-34 
plate load in terms of frequency, 7-33 
Side responses, reduction of, in f-m distortion, 
8-29 
Sideband analysis-synthesis method, for evaluat- 
ing f-m distortion, 8-27 
Sidebands of carrier frequency, in process of 
modulation, 7-70 
Side-tuned circuits as frequency detectors, 8-21 
Siemens, mho, 1-46 
Signal generators, 11-30, 11-89 
amplitude modulation, 11-93 
frequency modulation, 11-94 
noise measurement, 11-44 
pulse modulation, 11-95 
-to-interference ratio in f-m systems, 8-30 
transadmittance, 4-55 
Signaling, use of pulses, 9-02 
Signals, Naval Observatory time, 18-40 
selection in frequency or time, 9-02 
telegraph, 18-05 
Silaneal, 2-45 
Silastic, 2-45 
properties, 2-30 
Silchrome, properties, 2-08 
Silfrax B, properties, 2-11 
Silica, fused, 2-45 
Silicon, 2-45, 2-53 
-iron alloys, 2-61 
powder, properties, 2-11 
properties, 2-08, 2-11 
Silicone fluid, properties, 2-30 
dielectric properties, 2-50 
glass laminate, properties, 2-30 
rubber, properties, 2-30 
sealing compound, properties, 2-30 
varnish, properties, 2-30 
varnished glass cloth, properties, 2-30 
Silk, 2-46 
Silmanal, 2-68 
Silver chloride, properties, 2-11 
electrochemical-equivalent, 1-79 
properties, 2-08, 2-11 
Simple raster, 20-03 
series circuit, variation of current with fre- 
quency, 6-03 
variation of voltage components with fre- 
quency, 6-03 
Simultaneous equations, 1-03 
linear, 1-04 
Sine, i-07 
abbreviation, 1-72 
anti-hyperbolic, 1-10 
hyperbolic, 1-10 
abbreviation, 1-71 


Sine, hyperbolic, inverse, 1-10 
Single-anode tube, defined, 4-75 
-frequency modulation, 8-02 
-frequency tone (sounds), 12-14 
-mesh circuits, 5-02, 5-03, see also Circuits, 
single-mesh 
Sinh, 1-10, 1-26 
Sink, frequency, 4-56 
margin, 4-56 
Sinusoid, equation, 1-05 
Sisal hemp, 2-46 
Skin effect, 3-04, 11-18 
eruptions, 23-08 
Skip distance, 10-41 
transmission, f-m distortion and, 8-29 
Sky wave, see Wave propagation, sky wave 
Slate, properties, 2-30 
Slide-wire rheostat, 11-19 
Slip, symbol, 1-73 
Slope filters, f-m receivers and, 8-19 
time, 5-35 
Small deviation ratio, in f-m distortion, 8-27 
Smith chart, 4-56 
Snell’s law, 14-02 
Sodium chloride, properties, 2-11 
properties, 2-08 
Soft x-rays, 4-82 
Soil, effect of, on directivity of antennas, 6-74 
Solar day, 1-43 
disturbances, 10-46 
Solid angle, conversion table, 1-51 
minimum resolvable, 20-02 
anode magnetron, 4-40 
Solids, dielectric absorption, 2-23 
dielectric strength, 2-23 
Sonne, 22-31 
Sound absorption, coefficients, 12-50 
of audience, individual persons and other 
objects, 12-55 
of hair felt in different laboratories, 12-56 
of thicknesses of hair felt, 12-56 
practical considerations of materials, 12-57 
-absorptive coefficients of materials, 12-48 
carrier, 20-20 
chamber, 13-07 
film, distortion, 12-35 
foci, 12-70 
insulation, 12-57 
by rigid partitions, 12-63 
ceiling isolator used in, 12-60 
connectors used in, 12-60 
considerations in selection of building mate- 
rials and types of structure for, 12-67 
flexible cushions used in, 12-60, 12-61 
floor chair used in, 12-60 
method for insulation of vibration, 12-61 
principles, 12-60 
supports used in, 12-60, 12-61 
transmission coefficient for masonry or con- 
crete, 12-63 
types of structures recommended, 12-68 
intensity, relation between nerve discharge rate 
for a 1050-cycle tone and, 12-04 
sensitivity of ear and, 12-05 
recording, 16-19 
-reinforcing systems, 16-14 
indoor, 16-15 
outdoor, 16-15 
-reproduction systems, 16-02 
studios, 16-02 
noise levels, 16-04 
reverberation time, 16-03 
sound decay rate, 16-04 
systems, audio amplifiers, 16-06 
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Sound systems, audio facilities, 16-02 
control equipment, 16-06 
transmission, coefficients, 12-64 
reduction factors, 12-65, 12-66 
velocity of, 13-02 
Soundhead, 16-22 4 
Sounds, see also Acoustics 
absorption in air of rooms and, 12-42 
articulation, 12-27 
auditory perspective, 12-39 
common speech, characteristics, 12-20 
growth and decay of, in rooms, 12-42 
impact, conduction of, 12-60 
individual sound articulation, 12-27 
iso-masking intensity, 12-11 
judgments of half pitch, 12-16 
localization, 12-18, 16-02 
loudness, 12-11, 12-14, 16-13 
auditory magnitude, 12-11 
computation for, with continuous energy 
spectrums, 12-13 
defined, 12-11 
neural pulses and, 12-11 
sone density, 12-13 
sone of auditory magnitude, 12-11 
loudness of levels, 12-11 
loudness vs. loudness level, 12-12 
loudness-level contours, 12-15 
magnitude of subjective harmonics and, 12-15 
masking contours for steady noise, 12-11 
masking effects of, 12-11 
masking spectrums, 12-11 
of single-frequency tone, 12-15 
perspective, 16-02 
power, 16-18 
pressure, 16-04 
projection, 16-21 
recording, 16-19 
reflection from domed ceiling, 12-70 
telative occurrence in telephone conversation, 
12-20, 12-21 
single-frequency tone, 12-14 
stimulation patterns, 12-15 
sound articulation, 12-27 
spectrums of, in speech, 12-20 
speech, characteristics, 12-20 
damping constants, 12-20 
low-frequency modulation, 12-20 
steady, pitch, 12-16 
syllable articulation, 12-27 
transmission of, through ventilating ducts, 
12-61 
vowel articulation, 12-27 
vowel-like, of speech, 12-20 
Space capacitivity, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
charge, 4-02 
-charge cloud, 4-41 
-charge grid, defined, 4-04 
permeability, 1-44 
-egs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
sense, 14-39 
direction localization, 14-39 
transmission, 10-29 
Span, conversion factors, 1-47 
Spark gap, plain, graphical symbol, 1-76 
oscillator, 7-94 
quenched, symbol, 1-76 
rotary, 1-76 
Sparkover, 2-54 
voltages for sphere gaps, 2-55 


Spauldite, 2-46 
Speakers, condenser, 13-16 
direct radiator, 13-11 
enclosures, 13-13 
dynamic, 13-11 
horn-type moving-coil, 13-14 
loud, 13-07 
magnetic, 13-11 
balanced-armature, 13-15 
magnetic-armature, 13-15 
bipolar, 13-16 
moving-conductor, 13-11 
pneumatic, 13-17 
Special-purpose resistors, 3-21 
Specific gravity, abbreviation, 1-72 
heat, abbreviation, 1-72 
conversion table, 1-64 | 
inductive capacity, electrical, cgs unit, 1-46 
mks unit, 1-46 
symbol, 1-46 
Spectrographs, 11-65 
sound, 11-68 
Spectrum analyzers, 5-28 
electrical, 11-14 
noise, 11-64 
of sounds in speech, 12-20 
Speech, see also Acoustics; Sounds; Speech power 
analysis, 12-23 
and music, 12-19 
articulation test, 12-27 
audible effects of phase distortion, 12-37 
audible frequency range, 12-30 
average power of speakers in various sizes of 
rooms, 12-73 
characteristics of sounds, 12-20 
conversational, speech pressure vs. frequency 
range, 12-22 
description of organs, 12-19 
effects of distortion, 12-29 
hearing of, effect of noise, 12-72 
effect of reverberation, 12-73 
in auditoriums, 12-69 
inflection, 12-20 
input equipment, 12-02 
larynx and, 12-19 
levels of, average, for speakers in various sizes 
of rooms, 12-73 
ratio of noise to, 12-72 
lungs and, 12-19 
mechanism, 12-19 
breath steam as, 12-19 
friction modulation, 12-19 
modulation, 12-19 
vocal-cord modulation, 12-19 
mouth cavities and, 12-19 
nose cavities and, 12-19 
optimal reverberation times for, 12-75 
at different frequencies, 12-75 
pharynx and characteristics of sounds, 12-20 
power, 12-22 
frequency distribution, 12-24 
phonetic powers of 1 watt, 12-24 
pressure measurement of mouth as radiator, 
12-22 
powers, data on, 12-23 
pressures, 11-60 
production, 12-19 
respiratory muscles and, 12-19 
spectrum, 12-23 
stress, 12-20 
tests, 12-27, 12-28 
laboratory, 12-27 
throat cavities and, 12-19 
trachea and, 12-19 
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Speech, transmission, 12-27 
vibrato, 12-20 
visible, 12-21 
cavity modulation, 12-21 
fill, 12-21 
frictional modulation, 12-21 
patterns, 12-22 
phonetic printing and, 12-21 
plosive release, 12-21 
start-stop modulation, 12-21 
stop gap, 12-21 
vocal resonance bars, 12-21 
voice bar modulation, 12-21 
visual, 12-21 
vocal cords in, glottis, 12-19 
vocal resonances, 12-20 
vocoder used in, 12-21 
voder used in artificial, 12-21 
vowels, 12-20 
wave forms, 12-22 
average, 12-22 
instantaneous, 12-22 
peak, 12-22 
types defined, 12-22 
windpipe and, 12-19 
Speed of information, 5-28 
frequency bandwidths required for, 9-04 
pulses and, 9-03 
of rotation, 1-73 
Spheres, conversion table, 1-51 
mensuration, 1-18 
Spherical candlepower, abbreviation, 1-72 
optics of antennas, 6-77 
right angles, conversion table, 1-51 
Sponge rubber, 12-62 
Spot, scanning, 20-04 
Square, abbreviation, 1-72 
centimeters, abbreviation, 1-72 
conversion table, 1-48 
conversion factors, 1-48 
cross bracket, 5-43 
factors, conversion factors, 1-48 
foot, abbreviation, 1-72 
conversion table, 1-48 
pounds per, abbreviation, 1-72 
inch, abbreviation, 1-72 
conversion table, 1-48 
pounds per, abbreviation, 1-72 
kilometer, abbreviation, 1-72 
kilometers, conversion table, 1-48 
-law detection, 7-76, 7-78 
defined, 7-76 
-law detectors, detection of carriers and, 7-76 
single sideband signals and, 7-76 
meter, abbreviation, 1-72 
conversion table, 1-48 
micron, abbreviation, 1-72 
mile, conversion table, 1-48 
millimeter, conversion table, 1-48 
myriameter, conversion factors, 1-48 
pulses, widening of, by reduction of frequency 
bandwidth, 9-04 
rod, conversion factors, 1-48 
root of mean square, abbreviation, 1-72 
wave testing, 11-39 
yard, conversion table, 1-48 
Squares, theory of least, 1-15 
Stability, frequency, 7-92 
Stabilization, receiver, 7-118 
Stacking of arrays, antennas and, 6-73 
Stadium, address system, 16-15 
Stage, amplifier, 7-04 
sound, 12-02 


Staggered tuning of coupled resonant circuits, 
6-10 
Stagger-tuned singie-tuned circuits of amplifiers, 
7-64 
Stainless type 304, properties, 2-08 
Standard broadcasting, 16-30 
coverage, 16-32 
capacitance, 11-20 
time, 11-04 
Wire Gage, 1-69 
Standards, abbreviation, 1-72 
of fundamental units, 1-42 
television, 20-20 
Standing-wave detectors, 11-72 
waves, uniform lines, 5-25 
Starting voltage, 4-08 \ 
Start-stop modulation in speech, 12-19, 12-20 
Stat, 1-43 
Statamperes, conversion factors, 1-59 
Statcoulombs, 1-43 
conversion factors, 1-58, 1-59 
Statfarads, 1-43 
conversion factors, 1-62 
Stathenrys, conversion factors, 1-63 
Static-characteristic measuring circuit, 4-08 
plate resistance, 5-42 
Statohms, conversion factors, 1-61 
Statute miles, conversion factors, 1-47 
Statvolts, conversion factors, 1-60 
Steady-state velocity, 5-36 
Steatite, 2-46 
ceramics, properties, 2-30 
power factor at high frequencies, 2-34 
Steel wire, copper-clad, 2-20 
gage, 1-70 
tables, 2-19, 2-20 
Steels, carbon, 2-66 
Stefan-Boltzmann constant, 1-79 
law, 4-09, 15-30 
Steinmetz’ law, 2-69 
Steradians, conversion table, 1-51 
Sterba array antennas, 6-65, 6-82 
Stere, 1-49 
Stereoscopic vision, 14-46 
Stethophone, 23-11 
Stilb, 1-46 
Stimulation density, 12-12 
Stirling’s formula, 1-03 
Stl, W. G., 1-69 
Stone, conversion factors, 1-54 
perch of, conversion factors, 1-49 
Stop consonants of speech, 12-20 
gap in visible speech, 12-21 
Stops, optical system, 14-13 
Stores, noise levels acceptable in, 12-58 
Storms, magnetic, 10-46 
Straight line, equation, 1-05 
frequency, 3-58 
wavelength, 3-58 
Stranded wire, 1-66 
Stratoscope, 22-31 
Stray capacitance, 3-56 
Stray electron currents, 4-11 
Strength, dielectric, of gases, 2-54 
of liquids, 2-51 
of solids, 2-23 
Stress, effect on magnetostriction, 2-70 
in speech, 12-20 
String galvanometer, 23-09 
Stroboscopic method, used in frequency measure- 
ment, 11-07 
Strobotron tubes, 4-74 
Strontium, properties, 2-08 
titanate, properties, 2-30 
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Strowger system, 17-10 
connector, 17-13 
director system, 17-15 
impulse repeater, 17-12 
intermediate distributing frame (LDF), 17-15 
line finder switch, 17-11 
main distributing frame (MDF), 17-15 
plunger line switch, 17-10 
rotary line switch, 17-11 
secondary line switch, 17-11 
selector, 17-13 
toll switch train, 17-15 
Struck bushel, conversion factors, 1-50 
Structural coordination, 10-68 
Structures, types recommended for sound insula- 
tion, 12-68 
Stubs’ Iron Wire Gage, 1-66, 1-69 
Steel Wire Gage, 1-69, 1-70 
Stucco, 12-55 
Studios, see also Broadcasting studios; Recording 
studios; Sound studios 
motion picture, 12-54 
small, noise-reduction factor, 12-69 
television, 12-58 
Studio-transmitter link, utilization of frequency 
modulation, 8-02 
Styraloy, 246 
properties, 2-30 
Styramic, 2-46 
HT, 2-46 
properties, 2-30 
properties, 2-30 
Styrene, 2-46 
Styrofoam, 2-46 
Styron, 2-42, 2-46 
SU, 1-38 
Sub coupling, 6-09 
Subharmonic synchronization, 7-88 
Submarine cable telegraphy, 18-40 
data, 18-41 
operation, 18-42 
Subscriber stations, 17-106 
equipment, 17-106 
protection, 17-113 
telephone set, 17-106 
dials, 17-110 
housings, 17-110 
receiver, 17-107 
ringing circuit of, 17-109 
services, 17-111 
transmitter, 17-106 
Substitution methods, 11-27 
Successive approximations, 5-45 
Sufficient coupling, 6-09 
Sulfur, properties, 2-30 
Sun lamp, 23-07 
Sunspots, effect of, 10-46 
Supercoupling, 6-09 
Superheterodyne receiver, all-wave, 7-123 
combined first detector and oscillator, 7-119 
diode pentode tube, 7-121 
fidelity determination, 7-56 
frequency converter, 7-119 
harmonics of the intermediate frequency, 7-122 
i-f amplifier, 7-121 
image response, 7-122 
oscillator tracking, 7-121 
preselector, 7-119 
selectivity determination, 7-56 
sensitivity determination, 7-56 
six-tube, 7-120 
tracking, 7-121 
undesired responses, 7-122 
Superior, properties, 2-08 
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Supermalloy, 2-62 
Superposition, principle, 5-02 
theorem, 5-34 
Superregneration in receivers, 7-117, 7-118 
Supports in sound insulation, 12-60, 12-61 
Suppressor grid, defined, 4-04 
pentodes, 4-03 
input, screen output amplifiers, 7-51 
noise, 7-126 
Surface resistivity, 2-23 
Surgery, high-frequency, 5-08, 23-06 
Susceptance, minimum, 5-08 
symbol, 1-73 
Susceptibility, dielectric s., symbol, 1-73 
magnetic s., symbol, 1-73 
symbols, 1-73 
Sweep frequency heterodyne, 11-66 
SWG, 1-69 
Swinging choke, 3-48 
Switchboards, common-battery, 17-05 
magneto, 17-03 
manual toll, 17-36 
mechanical toll, 17-36 
multioffice multiple common-battery, 17-08 
multiple common-battery, 17-07 
single-office common-battery, 17-07 
single-section common-battery non-multiple, 
17-06 
Syllable articulation, 12-27 
Symbols, Greek alphabet, 1-79 
letter, for magnitudes of electrical quantities, 
1-72 
standard graphical, 1-76 
Symmetrical band-pass filter sections, design in- 
formation, 6-44, 6-45, 6-46, 6-47 
filter, image transfer function, 6-56 
high-pass filter sections, 6-43 
lattice, configuration of, filters and, 6-41 
conversion of, filters and, 6-42 
low-pass filter sections, 6-43 
networks, 5-23 
current and voltage relations, 5-23 
impedance relations, 5-23 
incident and reflected waves, 5-23 
tandem combination, 5-23 
sections, elementary structures forming com- 
posite filters, 6-48 
of filters, 6-41 
Symmetry factor, 5-15 
Synchronization of oscillators, 7-88 
television, 20-17 
Synchronous clock, 11-04 
single-tuned circuits of amplifiers, 7-64 
Synchroscope, used for pulse-measurements, 9-12 
Synthane, 2-46 
Synthetic insulating liquids, 2-52 
rubber, 2-30 
Syphilis, 23-06 
Systems of units, 1-42 


T and 7w networks, 5-13 
T section attenuator in single-mesh circuits, 6-06 
Talk-back equipment, 16-10 
Tan, 1-07, 1-21 
Tandem telephone system, 17-49 

crossbar equipment, 17-50 

operation, 17-49 
Tangent, 1-07, 1-21 

abbreviation, 1-72 

hyperbolic, 1-10 

abbreviation, 1-71 

Tangential resonance magnetrons, 4-42 fn. 
Tank, 1-10, 1-26 
Tantalum, properties, 2-08, 2-11 


INDEX 47 


Target, x-ray, graphical symbol, 1-78 
Tarnac, properties, 2-08 
Taylor’s formula, 5-40 
~ series, 1-17, 5-38, 5-57 
Tchebycheff type characteristics of filter design, 
6-56 
Techniques, pulse, 9-02 
Teflon, 2-42, 2-46 
Tegit, 2-46 
properties, 2-30 
Teleautograph system, 18-39 
Teledeltos, 18-38 
Telefax, 18-30 
service, 18-38 
Telegraph codes, 18-02 
equipment, for central offices, 18-46 
intermediate distributing frames, 18-47 
multiplex distributors, 18-48 
protector frames, 18-47 
tape perforator, 18-48 
telegraph repeaters, 18-47 
teletypewriter switchboards, 18-47 
testboards, 18-47 
transmitter, 18-50 
transmitter-distributor, 18-50 
typing reperforator, 18-50 
for stations, 18-51 
printers, 18-52 
radio-interference-suppression apparatus 
(filters), 18-52 
selectors, 18-52 
signals, 18-05 
systems, 18-02, 18-18 
a-c, 18-35 
specific telegraph level (STL), 18-35 
automatic, 18-26 
intercommunicating, 18-34 
multiplex, 18-30 
private line switching, 18-34 
reperforator switching, 18-33 
subcenter switching, 18-33 
varioplex, 18-31 
clock circuits, 18-40 
d-c, 18-18 
composite arrangement, 18-18 
duplex repeater, 18-25 
duplex systems, 18-22 
half duplex operation, 18-23 
metallic circuit operation, 18-21 
one-way polar circuit, 18-20 
polarential operation, 18-20 
quadruplex system, 18-25 
simplex arrangement, 18-18 
single line repeater, 18-19 
two-path polar operation, 18-20 
upset duplex operation, 18-24 
facsimile, 18-30 
messenger call circuits, 18-39 
miscellaneous, 18-38 
Naval Observatory time signals, 18-40 
radio, see Radio telegraph 
railroad communication, 18-40 
teleautograph, 18-39 
ticker, 18-38 
transmitters, 7-134 
Telegraphy, 18-02 
a-c, 18-02 
codes, 18-02 
d-c, 18-02 
distortion, 18-11 
equipment, 18-46 
signals, 18-05 
submarine cable, 18-40 
data, 18-41 


Telegraphy, submarine cable, operation, 18-42 


systems, 18-18 

theory, 18-02 

transmission methods, 18-02 
wave shapes, 18-05 


Telephone lines, cable, 10-04 


subscriber, 17-69 
toll, see Toll telephone lines 
transmission consideration, 17-69 
plant, exchange, see Exchange telephone plant 
toll, see Toll telephone plant 
receivers, 13-08, 13-17, 17-107 
graphical symbol, 1-76 
magnetic-armature, 13-18 
moving-conductor, 13-17 
piezoelectric, 13-18 
simple, 5-65 
repeaters, 17-39 
set, subscriber, see Subscriber telephone set 
systems, auxiliary service equipment, 17-51 
carrier, 17-43 
central-office equipment, 17-03 
common, 17-51 
intermediate distributing frames, 17-51 
main distributing frames, 17-51 
protectors, 17-52 
testboards, 17-52 
crossbar, see Crossbar telephone system 
McBerty automatic, 17-33 
manual, 17-03 
operation, 17-03 
mechanical, 17-08 
operation, 17-08 
others, 17-33 
panel dial, see Panel dial telephone system 
power, 17-53 
radio, see Radio telephone systems 
rural power line carrier, 10-73 
tandem, see Tandem telephone systems 
toll, see Toll telephone system 
XY dial, 17-34 
transmitter, 17-106 
graphical symbol, 1-76 
negative feedback and, 7-133 
transpositions, 10-84 
Telephony, 17-02 
defined, 17-02 
Teleprinter, 18-04, 18-26 
Teleran, 22-29 
Teletypesetting, 18-34 
Teletypewriter, 18-04, 18-26 
code, 18-04 
distortion, 18-15 
Exchange Service, 18-34 
receiving mechanism, 18-27 
regenerative repeater, 18-29 
sending unit, 18-26 
Television, 20-02 
back porch, 20-16 
beads, 20-04 
binocular, 20-67 
broadcasting, 20-21 
lens aperture required for, 20-21 
camera, studio, design of, 20-22 
Iconoscope, 20-23 
Image Orthicon, 20-23 
cathode-ray reproduction tubes, 15-46 
color, compatibility, 20-66 
methods of transmission, 20-65 
physiological requirements, 20-66 
receiver, 20-66 
transmitter, 20-66 
definition, 20-02 
diplexing of picture and sound, 20-67 


48 INDEX 


Television, dot sequential, 20-65 
equalizing pulses, 20-13, 20-17 
facilities, intercity, 20-37 

local, 20-39 
field of view, 20-02 
field pick-up equipment, 20-36 
field sequential, 20-65 
for special services, 20-67 
front porch, 20-16 
other forms of, 20-64 
physiological requirements, 20-02 
pick-up devices, aperture distortion, 20-30 
film, 20-31 
pick-up tubes, 15-19 
requirements, 15-19 
picture channel, i-f amplification, 20-49 
second detector, 20-52 
polarization, 20-20 
principles and theory, 20-02 
receivers, 20-46 
antennas, 20-47 
local oscillator, 20-49 
modulator, 20-49 
noise limiters, 20-55 
picture gain control, 20-54 
picture tube, 20-54 
power supply, 20-62 
r-f circuits, 20-47 
scanning circuits, 20-59 
scanning oscillator, 20-60 
sound amplifiers, 20-56 
synchronizing circuits, 20-57 
reflective optical system for projection, 14-20 
reproduction, 20-03 
scanning, 20-05 
signal, relay, 20-37 
standards, 20-20 
standards of foreign countries, 20-64 
studio equipment, amplifier design, 20-27 
control room, 20-26 
delay networks, 20-29 
master control, 20-32 
monitoring and switching facilities, 20-27 
time delay networks, 20-28 
studios, noise levels acceptable in, 12-58 
test pattern, 20-14 
theater, 20-64 
transmission, 20-03 
composite signal, 20-16 
pick-up devices, 20-07 
pulse measurement, 20-33 
r-f signal, 20-17 
subdivision of pictures, 20-03 
synchronizing signal, 20-11 
video signal, d-c component, 20-13 
transmitting plant, antennas, 20-46 
d-c transmission, 20-43 
equipment, 20-41 
measurement of r-f output power, 20-45 
modulated amplifier, 20-42 
modulation measurement, 20-44 
modulation method, 20-42 
neutralization, 20-42 
performance measurements, 20-46 
r-f monitoring, 20-44 
transmission line, 20-46 
vestigial sideband transmission, 20-43 
visual carrier frequency generation, 20-42 

Tellurium, properties, 2-08 

Temperature, 1-42, 1-46 
abbreviation, 1-72 
egs unit, 1-46 
coefficients, of copper, 2-03 

of electric resistance, 2-02, 3-13, 3-16 


Temperature, conversion formulas, 1-64 
effect, on magnetization, 2-69 
mks unit, 1-46 
symbol, 1-46, 1-73 
scales, 1-43 
conversion table, 1-64 
Tempered scale, 11-10 
Tenebrescence, defined, 15-32 
Tenebrescent materials, 15-29 
Tenite I, 2-36, 2-46 
II, 2-36, 2-46 
Tensile breaking load, for solid wires, 2-21 
strength, conductors, 2-04 
for solid wires, 2-21 
Terms, engineering, abbreviations, 1-71 
Terrain clearance indicator, 22-32 
effect, on directivity of antennas, 6-74 
Test pattern, television, 20-14 
waves, 11-55 
Tests, articulation, 12-31 
of music transmission, 12-27, 12-28 
of speech, 12-27, 12-28 
Tetrode, characteristics, 4-34, 4-35, 4-36 
defined, 4-04 
detectors, 7-82 
load rectification, 7-82 
Textiles, glass, 2-38 
Textolite, 2-46 
Thalid, 2-39, 2-46 
Thallium, properties, 2-08 
Thalofide, 15-11 
Theaters, see also Auditoriums 
noise levels acceptable in, 12-58 
projection, 16-13, 16-21 
sound insulation, 12-57 
Theory of least squates, 1-15 
Therapy, Sectioh 23 
roentgen, 23-12 
tubes for x-ray, 4-83 
ultraviolet, 23-06 
Therlo, properties, 2-08 
Thermal-acoustic noise, 12-06 
agitation, 4-20 
conductivity, conversion table, 1-65 
devices, bolometer, 15-04 
radiometer, 15-04 
thermojunctions, 15-03 
ohms, 1-65 
radiation, 15-29 
resistivity, conversion table, 1-65 


units, British, conversion factors, 1-57, 1-64, 


1-65 
Thermionic cathode, 4-02 
emission, defined, 4-05 
vacuum tubes, 4-02 
Thermistor bolometer, 15-04 
Thermistors, 3-02, 3-28 
Thermocouple, 11-16 
Thermoelement, graphical symbol, 1-76 
Thermojunctions, 15-03 
Thevenin’s theorem for linear networks, 5-12 
Thiokol, 2-44, 2-46 
Third harmonic distortion, 4-24 
in f-m systems, 8-28 
Thousand, abbreviation, 1-72 
Three-electrode cold-cathode tubes, 4-73 
-winding transformers, 6-12 
Threshold of feeling, 12-09 
of hearing, 12-05 
voltage, 4-44 
Throat cavities, speech and, 12-19 
microphone, 22-12 
Thyratron contactors, 21-11 
grid-control circuits, 21-19 
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Thyratron modulators, 9-22 
Thyratrons, 4-60 
anode current averaging time, 4-64 
anode surge current, 4-64 
available types, 4-61 
average anode current, 4-63 
construction, 4-60 
control characteristics, 4-65 
critical. anode voltage, 4-65 
critical grid voltage, 4-65 
current limits, 4-63 
deionization time, 4-67 
grid currents, 4-64, 4-66 
hot-cathode, 4-71 
peak anode current, 4-63 
peak forward voltage, 4-62 
peak inverse anode voitage, 4-62 
pulse, 4-69 
construction, 4-70 
repetition rate of pulses determined by, 9-19 
shield-grid characteristics, 4-66 
voltage limits, 4-62 
Thyrite, 3-26 
Ticker system, 18-38 
Tickler coil, 7-128 
Tico, properties, 2-08 
Ticonal, 2-66 
Time, 1-42, 1-46 
cgs unit, 1-46 
constant, symbol, 1-73 
conversion table, 1-51 
mks unit, 1-46 
of reverberation, 12-43 
of rise, 5-35 
standard of, 1-43 
standard used in frequency measurement, 11-04 
symbol, 1-46, 1-73 
Tin Plate Gage, 1-66 
properties, 2-08, 2-11 
Tissue, destruction of, 23-12 
Titanium dioxide, properties, 2-30 
TM-mode cavity, 11-92 
Tolerance current, 23-04 
Toll telephone lines, 17-69 
circuit line-up procedure, 17-77 
circuit operating requirements, 17-71 
general switching plan, 17-70 
service requirements, 17-69 
signaling, 17-78 
terminal loss, 17-77 
plant, cable facilities, 17-86 
design, 17-82 
open-wire facilities, 17-82 
system, 17-36 
No. 4 crossbar, 17-37 
operation, 17-36 
Toluene, dielectric properties, 2-50 
Ton, British shipping, 1-50 
conversion factors, 1-54 
register, conversion factors, 1-50 
U. S. shipping, 1-50 
Tone control of receiver circuits, 7-126 
range, 12-30 
Tonnage, 1-50 
Tophet, 2-08 
Torque, cgs unit, 1-46 
conversion table, 1-46 
mks unit, 1-46 
symbol, 1-46 
Total reflection, 5-54 
Tourmaline, use in oscillators, 7-92 
Tower antennas, 6-81 
Trachea, speech and, 12-19 
Track, defined, 22-05 


Tracking of superheterodyne receivers, 7-121 
Traffic noise, see Noise, traffic 
Transadmittance, beam, 4-53 
defined, 4-05 
Transconductance, 4-12 
beam, 4-53 
conversion, defined, 4-06 
defined, 4-05 
measurement circuit, 4-12 
of tubes, 6-11 
Transducer, ideal, 5-15 
loss, 5-15 
Transfer admittance, 5-07 
characteristic, 4-11, see also Gamma (transfer 
characteristics) 
defined, 4-06 
constant theorem of filters, 6-39 
impedance, 5-06, 5-10 
power, see Power transfer 
Transferred reactance, 6-08 
resistance, 6-08 
Transformer-coupled amplifiers, 7-05 
input circuit calculations, 7-07 
Transformers, air-core, 6-10 
graphical symbol, 1-76 
audio-frequency, 6-13 
capacitance measurement, 6-25 
capacitance to ground, 6-24 
complete equivalent network, 6-14 
core-loss resistance measurement, 6-25 
distributed capacitance of winding, 6-24 
efficiency, 6-16 
equivalent direct-connected network and, 
6-13 
equivalent network at high frequencies, 6-16 
frequency characteristic measurement, 6-25 
inductance measurement, 6-25 
leakage inductance, 6-23 
low-frequency characteristics, 6-15 
measurements, 6-25 
physical design, 6-22 
resistance measurement, 6-25 
simplified network at low frequencies, 6-15 
single network at middle frequencies, 6-16 
turns ratio measurement, 6-25 
driver, 6-22 
distortion, 6-22 
frequency response, 6-22 
leakage reactance, 6-22 
turns ratio, 6-22 
winding arrangement of class B, 6-22 
filament, 6-26 
function, 6-13 
impedance, for wave-guide component, 10-22 
input, 6-13, 6-19 
requency characteristics, low and middle 
frequencies, 6-20 
leakage resonance, 6-21 
made with two-legged core, 6-22 
pick-up, 6-21 
shielding, 6-21 
turns ratio, 6-20 
use of shielding cans and, 6-21 
interstage, 6-13, 6-19 
frequency characteristics, low and middle 
frequencies, 6-20 
leakage resonance, 6-21 
pick-up, 6-21 
shielding, 6-21 
turns ratio, 6-20 
use of shielding cans and, 6-21 
iron-core, graphical symbol, 1-76 
line, 6-13, 6-19 
modulation, 6-13, 6-19 
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Transformers, output, 6-13, 6-17 
frequency response, 6-17 
loudspeaker loads, 6-18 
pushpull, 6-18 
turns ratio, 6-17 

plate, 6-26 
power, 6-26 
calculation of performance, 6-29 
construction, 6-27 
copper loss of windings, 6-29 
core loss, 6-28, 6-29 
design procedure, 6-28 
efficiency of, defined, 6-30 
flux density, 6-28 
heating, 6-29 
insulation, 6-29 
regulation of secondary winding, 6-30 
size, 6-26 
pulse, see Pulse transformers 
three-winding, 6-12 
tuned r-f, employing compound coupling, 6-11 
vibrator, buffer capacitor, 6-31 
function, 6-30 
with iron cores, 6-13 
with variable coupling, graphical symbol, 1-76 
Transient disturbances, 5-26 
defined, 5-27 
frequency spectrum, 5-28 
Transients, energy integral, 5-35 
Fourier integral, 5-27, 5-33 
idealized filters, 5-35 
in networks, 5-26 
oscillatory, 5-27 
periodic, 5-27 
properties, 5-26 
superposition theorem, 5-34 
types, 5-27 

Transit time of an electron, 4-15 

Transite, 2-46 

Transition loss, 5-15 

units in coupling wave guides, 10-24 

Transmission circuits, 10-02 
frequency spectrum, 10-02 
types of communication, 10-02 

coefficients, 18-54 
for various layers of hair felt, 12-63 
crossfire, 18-54 
equivalents, 1-38 
table, 1-39 
frequency, characteristic of coupled circuits, 
6-09 
gain, 11-33 
high-frequency, 10-02 
in space, 10-29 
line Q, formula, 11-91 
lines, 5-24, see also Wire transmission lines 
calculations, 11-70 
construction, 10-49 
electrical protection, 10-58 
elementary section, 5-24 
exchange cable protection, 10-59 
mechanical features, 10-49 
phase characteristic, 11-35 
toll cable protection, 10-61 
used in frequency measurement, 11-13 
loss, 11-30, 12-60 
maintenance, 18-53 
measurements, 11-32 
modes of wave guides, 10-10 
obstacles, 10-42 
atmospheric interference, 10-42 
fading, 10-45 
solar disturbances, 10-46 
of music, 12-27, 12-28 


Transmission, picture, 9-06 
radio, national and international regulations, 
7-129 
sound, 12-61 
standards, 18-53 
television, 20-03 
unit, 1-37 
Transmissometer, 22-13 
Transmitters, a-c power used for, 7-108 
circuits for f-m, 8-15 
emergency, 8-15 
filament power, 7-109 
filter design, 7-110 
frequency modulation, see F-m transmitters 
hum due to filament current, 7-109 
picture, see Picture transmitters 
plate power, 7-109 
power supply, 7-108 
radio, 7-129 
a-m, 7-129 
audio amplifiers, 7-134 
circuit Q and, 7-130 
frequency control, 7-219 
harmonic amplifiers and, 7-130 
installation, 7-134 
interstage coupling circuits, 7-129 
modulation characteristics measurements, 
7-135 
negative feedback and, 7-133 
oscillator power, 7-129 
power amplifiers and, 7-131 
scope, 7-129 
unmodulated intermediate amplifiers, 7-130 
sites, a-m broadcasting stations, 16-29 
f-m broadcasting stations, 16-30 
telegraph, 7-134 
telephone, filter, 7-112 
graphical symbol, 1-76 
negative feedback and, 7-133 
types of rectifiers used in, 7-109 
Transpositions, 10-78 to 10-85 
Transrectification factor of detectors, 7-81 
Trapezoid, mensuration, 1-17 
Traveling-wave magetrons, 4-41 
operation, 4-42 
T-1-f receivers, see Tuned-r-f receivers 
Triangle, mensuration, 1-17 
musical, 12-25 
Triggered multivibrator, 9-18 
Trigonometric formulas, 1-07 
functions, of an angle, 1-07 
relations between hyperbolic functions and, 
1-11 
series, 5-38, 5-39 
tables, 1-21 
Trigonometry, 1-09 
Triode-heptode with rigid envelope connection, 
graphical symbol, 1-78 
power amplifiers, 7-10 
voltage amplifiers, 7-10 
Triodes, 4-02, 4-03 
approximate series expansion for plate current, 
5-41 
characteristic curves, 4-31, 4-32, 4-33 
classification, 4-03 
defined, 4-04 
equivalent circuit, 4-07, 5-49 
input impedance, 5-49 
mutual characteristic, 5-41 
with filamentary cathode, graphical symbol, 
1-78 
with load, characteristics, 5-42 
Trombone, 12-25, 12-30 
Troy weight, conversion factors, 1-54, 1-55 
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Trumpet, 12-25, 12-30 
TU, 1-38 
Tuba, 12-25, 12-30 
Tube 1635 as class B audio amplifiers, 7-19 
Tubes, ballast, 4-08 
base terminals, 1-78 
battery, used in combinations for amplifiers, 
7-21 
cathode-ray, see Cathode-ray tubes 
cold-cathode, 4-72 
available types, 4-75 
test, 4-74 
Crookes, 4-58 
double-cavity velocity-modulation, with col- 
lecting electrode, graphical symbol, 1-77 
electron, defined, 4-03 
envelope terminals, 1-78 
fluoroscopy, 4-89 
gas, defined, 4-03 
gas-filled, 4-02 
oscillations, 7-91 
gaseous conduction, 4-58 
hard, of x-ray, 4-82 
high-vacuum, 4-02 
defined, 4-04 
industrial roentgenography, 4-89 
matching the impedance, 6-11 
medical roentgenography, 4-86 
mercury pool, with excitor, control grid and 
holding anode, graphical symbol, 1-77 
with ignitor and control grid, graphical sym- 
bol, 1-77 
mercury-vapor, defined, 4-04 
metal, 4-62 
multianode, defined, 4-75 
multi-electrode, 5-45 
multi-grid, 4-03 
multiple-unit, defined, 4-04 
mutual conductance, 6-11 
noise, 4-23 
oscillograph, multiple gun, 15-47 
oscillograph-type cathode-ray, see Cathode-ray 
tubes, oscillograph type 
pentode type, 6-11 
pick-up, application, 15-29 
picture, see Picture tubes 
pool, defined, 4-75 
pool-cathode, 4-75 
available, 4-76 
classification, 4-77 
projection, defined, 15-46 
pulse, 9-26 
radial deflection, 15-47 
receiving, classification chart, 4-28 
reflex, 4-54 
external cavity type, 4-57 
internal cavity type, 4-57 
roentgenoscopy, 4-86 
remote cutoff, 4-25 
screen-grid, 4-03, 6-11 
sealed, defined, 4-75 
semi-remote cutoff, 4-26 
shockproof x-ray diffraction, 4-89 
single-anode, defined, 4-75 
soft, of x-ray, 4-82 
strobotron, 4-74 
television cathode-ray reproduction, 15-46 
television pick-up, see Television pick-up tubes 
three-electrode cold-cathode, 4-73 
thyratron, see Thyratrons 
transconductance, 6-11 
universal therapy, 4-84 
vacuum, see Vacuum tubes 
voltage drop, defined, 4-05 


Tubes, voltage-regulator, 4-08, 4-73 
wide-band amplifier, figure of merit for, 7-43 
x-ray, 4-81 
classifications, 4-81 
diffraction, 4-89 
therapy, 4-83 
uses, 4-83 
Tubing, varnished, 2-47 
Tuf-flex, 2-46 
Tuned amplifier circuits, 6-11 
amplifiers, 7-06 
circuit analyzer, 11-58 
coupling of amplifiers, 7-06 
-grid oscillator, 7-84 
-plate tuned-grid oscillators, 7-83 
-reed analyzer, 11-65 
-r-f receivers, 7-56, 7-118 
employing screen-grid tubes, 7-119 
neutralization use to eliminate oscillation, 
7-119 
resistance stabilized, 7-118 
sources of regeneration, 7-119 
r-f transformer, employing compound coupling, 
6-11 
transformer coupled amplifiers, 7-06 
Tungsten, 4-03 
properties, 2-08, 2-09, 2-11 
thoriated, 4-03 
Tuning, 4-50, 6-04 
electronic, 4-55 
-fork oscillators, 7-91 
wand, defined, 11-49 
Turns ratio, measurements of, audio-frequency 
transformer, 6-25 
of driver transformer, 6-22 
of input transformer, 6-20 
of interstage transformer, 6-20 
of output transformer, 6-17 
Turnstile antennas, 6-84 
Turpentine, dielectric properties, 2-50 
Turx, 2-38, 2-46 
Twists of rectangular wave guides, 10-21, 10-22 
Two-digit decade counter (computer), 9-09 
-frequency modulation, 8-07 
-terminal impedances, 5-07 
-terminal reactive networks, 6-35 
-way telephony, 7-14 
Tympani, 12-30 
Typewriters, noise analysis and, 12-58 


Ultra-high-frequency measurements, 11-11 
transmission, 10-35 
Ultraviolet radiation, apparatus, 23-06 
medical uses, 23-06 
therapeutic use, 23-07 
Unbalanced response to a-m distortion and, 8-28 
Un-by-passed cathode resistance, 4-19 
resistor, 4-20 
Underground conduit, 10-58 
Unidirectional broadside arrays of antennas, 6-73 
couplet of antennas, 6-73 
Uniform spectrum of f-m interference, 8-30, 8-31 
Unipotential cathode, 4-08 
Unit impulse, 5-27 ¢ 
step, 5-27 
United States pound avoirdupois, 1-42 
Standard Gage, 1-66, 1-67 
Steel Wire Gage, 1-69 
yard, 1-42 1 
Units, absolute, of electrical measure, 1-44 
angstrom, conversion factors, 1-47 
international, 1-79 . 
British thermal, abbreviation, 1-71 
conversion factors, 1-57, 1-64, 1-65 
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Units, centigrade, 1-43 
conversion table, 1-64 
egs electromagnetic, 1-46 
electric, 1-43 
practical, 1-44 
electromechanical systems, 5-63 
fahrenheit, 1-43 
conversion table, 1-64 
imaginary, 1-06 
international, of electrical measure, 1-44 
mks system, 1-42, 1-45, 1-46 
of conductivity, defined, 2-02 
of resistivity, defined, 2-02 
sensation, 1-38 
standards of fundamental, 1-42 
systems, 1-42 
transmission, 1-37 
Universal joints of wave guides, 10-26, 10-28 
resonance curve, 6-04 
therapy tube, 4-84 
winding of coil, 3-34 
Univibrator, 9-18 
Unsymmetrical sections of filters, 6-50 
Unzoned lens of reflectors of antennas, 6-78 
Upper limits of hearing, 12-08 
Urea formaldehyde, properties, 2-30 
resins, 2-46 


Vacuum-tube circuit, elements, 7-02 
oscillators, 7-83 
beat frequency, 7-89 
Colpitts circuit, 7-83 
current and voltage relations in simple 
oscillator circuits, 7-85 
dynatron, 7-89 
harmonic content, 7-88 
Hartley circuit, 7-83 
simple oscillator circuits, 7-83 
voltmeters, defined, 11-17 
tubes, a-c equivalent circuit, 4-07 
amplifier stage considering low-frequency re- 
sponse only, 7-45 
applicable to wide-band amplifier service, 
7A3 
cascade amplifiers, 7-03 
cathode current for long pulses, 9-26 
characteristic curves, 4-31 
circuit elements, 7-02 
classifications, 4-03 
definitions, 4-03 
effect of the grid coupling capacitor-resistor, 
7-45 
effect of internal impedance of the power 
supply, 7-46 
effect of the screen by-pass, 7-46 
figure of merit for wide-band amplifier, 7-43 
input admittance, 4-15 
interelectrode, capacity impedance of, 7-02 
lighthouse, 7-89 
methods of measuring tube currents, 4-08 
noise generated, 4-20 
operation, 4-14 
principles, 4-02 
performance calculations from tube con- 
stants, 7-09 
pulse circuits and, 9-26 
thermionic, 4-02 
van der Pol’s equation, 7-85 
Vanadium Permendur, 2-62 
V-antennas, 6-64 
Var, 1-46 
Variable-gain pentode voltage amplifiers, 7-12 
selectivity of i-f amplifiers, 7-59 
Variation, capacitance, 5-41 


Variation, hearing, with age, 12-08 
inductance, 5-40 
Varistors, 3-02, 3-22 
copper-cuprous oxide, 3-23 
silicon carbide, 3-26 
Varley loop test, 11-42 
Varnish, insulating, properties, 2-30 
Varnished cloth, 2-47 
properties, 2-30 
tubing, 2-47 
Varnishes, insulating, 2-46 
Vectolite, 2-68 
Vector, mechanicl impedance, 5-59 
Poynting’s, 5-51 
Velocity, angular, cgs unit, 1-46 
conversion table, 1-53 
mks unit, 1-46 
symbol, 1-46 
egs unit, 1-46 
conversion tables, 1-52, 1-53 
electron, 4-14 
group, 5-36 
linear, conversion table, 1-52 
microphone, 13-23 
mks unit, 1-46 
modulation, 4-51 
of light, 1-79 
of phase propagation, 5-25 
phase, 5-36 
steady-state, 5-36 
symbol, 1-46 
Ventilators, 12-54 
Versed sine, abbreviation, 1-72 
Versine of x, 1-08 
Vertical hyperbola, 1-05 
parabola, 1-05 
resolution, 20-04 
synchronizing pulse, 20-17 
separation indicator, 22-31 
Vestigial sideband, 20-19 
Vibrating reed, 5-62 
frequency meter, 11-11 
Vibration constant, symbol, 1-73 
Vibrations, 5-56 
modes of, room resonance and, 12-45 
solid-borne, insulation of, 12-61 
Vibrato in speech sounds, 12-20 
Vibrator transformers, buffer capacitor, 6-31 
design, 6-31 
function, 6-30 
Vibrins, 2-39, 2-47 
Vicalloy, 2-67, 2-68 
Victory siren, 12-58, 12-59 
Video-frequency amplifier, 9-15 
signal, 20-13 
system, overall, response, 20-35 
Viewing distance, 20-02 
Vinyl chloride, 2-47 
chloride-acetate, 2-48 
properties, 2-30, 2-32 
plastics, 2-47 
properties, 2-30 
resin, hard, power factor at high frequencies, 
2-34 


Vinylidene chloride, 2-48 


properties, 2-32 
Vinylite, 2-48 
X, 2-47 
Vinyon, 2-48 
Violet-ray therapy, 23-06 
Visible speech, see Speech, visible 
Vision, 14-25 
adaptation, 14-33 
binocular, 14-46 
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Vision, differential sensitivity, 14-32 
persistency, 14-33 
spectral luminosities, 14-31 
stereoscopic, 14-46 
threshold of light visibility, 14-30 
Vistanex, 2-48 
Visual acuity, 14-40 
illumination and, 14-42 
hearing, 12-21 
telephony, 12-21 
Vitamin D, 23-07 
Vitreosil, 2-48 
Vocal cords, 12-19 
resonances, in speech, 12-20 
Vocoder, 12-21 
Voice, artificial, 12-21 
bar modulation in visibie speech, 12-21 
Volt, abbreviation, 1-72 
-ampere, abbreviation, 1-72 
rating, of secondary winding of power trans- 
formers, 6-26 
reactive, abbreviation, 1-72 
Voltage, amplification, 4-07 
anode, defined, 4-05 
peak (or crest) forward, defined, 4-05 
peak (or crest) inverse, defined, 4-05 
conversion factors, 1-60 
critical, 4-40 
cutoff, 4-40 
formula, 4-40 % 
filament, changes in, 4-26 
defined, 4-05 
grid, defined, 4-05 
heater, changes in, 4-26 
defined, 4-05 
in coupled circuits, 6-07 
induced in antennas, 6-69 
limiters, 3-23 
loops, 5-26 
measurement, 11-17 
nodes, 5-26 
non-sinusoidal, 5-02 
of antennas, 6-66 
plate, defined, 4-05 
ratio, logarithmic, 1-38 
regulator tubes, 4-73 
regulators, 4-08 
threshold, 4-44 
Voltmeters, 2-76 
graphical symbol, 1-76 
Voltron, 2-48 
Volts, 1-44, 1-45, 1-46 
conversion factors, 1-60 
Volume, cgs unit, 1-46 
controls, master, 16-09 
mixer, 16-07 
conversion table, 1-49 
energy, cgs unit, 1-46 
mks unit, 1-46 AST 
symbol, 1-46 
indicator, 16-10 
level, 1-41 
mks unit, 1-46 
of perfect gas, 1-79 
resistivity, 1-61, 2-23 
symbol, 1-46 
Vowel-like sounds of speech, 12-20 
VS, 11-02 / 
Vu, 1-41 
Vulcabeston, 2-48 
Vulcoid, 2-48 
Vycor, 2-48 


Wagner ground, 11-26 


Walls, isolating treatment in sound insultion, 
12-60 
noise-reduction factor and, 12-69 
Washburn and Moen gage, 1-69 
Water, acoustic properties, 13-02 
dielectric properties, 2-50 
measuring flow, 1-52 
relation between dielectric constant and resis- 
tivity, 2-51 
Watt, 1-44 
abbreviation, 1-72 
conversion factors, 1-58 
-hours, conversion factors, 1-57 
-second, 1-44 
conversion factors, 1-57 
Wave analysis, 11-54, 11-58 
antennas, 6-64 
equation, 5-51 
filters, electric, 6-33 
general purpose, 6-33 
-guide antennas, 6-64 
-guide components, motional joints, 10-26 
other, 10-28 
transformers for, impedance, 10-22 
-guide connectors, 10-19 
choke-flange type couplings, 10-20, 10-21 
contact couplings, 10-20 
-guide output coupling, 4-47, 4-48 
guides, 10-09 
characteristics, 10-17, 10-18 
circular, 10-13 
components, 10-17 
defined, 10-09 
dielectric, defined, 10-09 
discontinuities, 10-16 
flexible, 10-18 
group velocity, 10-10 
metal, defined, 10-09 
modes of transmission, 10-09 
of arbitrary cross-section, 10-15 
phase velocity, 10-10 
propagation constants of ideal, 10-10 
rectangular, 10-11 
bends, twists, and angles, 10-21, 10-22 
rubber-covered flexible assembly, 10-18 
special characteristics, 10-15 
normal, 5-53 
propagation, 10-29 
ground wave, 10-29, 10-31, 10-32 
free-space transmission, 10-31 
transmission, 10-32 
ultra-ionospheric range, 10-35 
sky wave, 10-29, 10-37 
high frequencies (short waves), 10-40 
intermediate frequencies, 10-40 
low frequencies (long waves), 10-39 
Wavelength, 5-51 
constant, symbol, 1-73 
of paraboloid antenna, 6-76 
of red cadmium line, 1-79 
symbol, 1-73 
Wavemeters, 11-85 
calibration, 11-87 
used in pulse measurements, 9-12 
Waves, centimetric, 1-80 
continuous, 9-02 
comparison of pulsed waves and, 9-02 
decametric, 1-80 
decimetric, 1-80 
diverse, in distance observation, 9-09 
hectometric, 1-80 
incident, 5-53 
symmetrical networks, 5-23 
uniform lines, 5-25 
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Waves, kilometric, 1-80 
metric, 1-80 
millimetric, 1-80 
myriametric, 1-80 
progressive plane, 5-51 
pulsed, 9-02 
comparison of continuous waves and, 9-02 
reflected, 5-53 
symmetrical networks, 5-23 
uniform lines, 5-25 
refracted, 5-53 
standing, uniform lines, 5-25 
Wax, 2-48 
power factor at high frequencies, 2-34 
Weber, 1-45, 1-46 
conversion factors, 1-63 
Weeks, conversion table, 1-51 
Weight, abbreviation, 1-72 
apothecaries’, conversion table, 1-55 
avoirdupois, conversion factors, 1-54, 1-55 
conversion table, 1-54 
gage, 1-66 
Troy, conversion factors, 1-54 
Weighted observations, 1-15 
Weston frequency meter, 11-11 
Wheatstone bridge circuit, 4-11 
Whispering gallery, 12-70 
White level, 20-13, 20-20 
Whole tone, 11-09 
Wide-band amplifiers, 7-31 
alternative designs, 7-64 
double-tuned circuits used in, 7-64 
figure of merit, 7-64 
figure of merit of tubes, 7-43 
formulas, summary, 7-44 
high-frequency compensation methods, 7-43 
high-frequency response, 7-31 
inverse-feedback amplifiers used, 7-64 
low-frequency response, 7-44 
Miller capacitance effect of tubes, 7-43 
peaking coil distributed capacity, 7-40 
rise time of pulses, 7-64 
stagger-tuned amplifiers used in, 7-64 
synchronously sing-tuned circuits used in, 
7-64 
video amplifier response curves, 7-42 
with constant- K-type coupling network, 7-39 
i-f amplifiers, feedback pair, 7-68, 7-69 
feedback triple, 7-68, 7-69 
Wien’s displacement law, 15-30 
Wiggles, defined, 22-06 
Winchester bushel, 1-50 
Wind pressure, 10-53 
Windows, coefficients of sound transmission, 
12-65 
noise-reduction factor and, 12-69 
Windpipe, speech and, 12-19 
Wire, alloy, of high tensile strength, 2-21 
aluminum (tables), 2-17, 2-18 
copper (tables), 2-12, 2-13, 2-14, 2-15, 2-16 
enamel, 2-36 
equivalents for pole-line loading calculations, 
10-52 


Wire, gages, 1-66, 1-68, 1-69, 1-70, 2-12 
comparison, 1-69, 1-70 
diameters, 1-70 
line measurement, 11-32 
solid, tensile breaking load, 2-21 
steel, copper-clad, 2-20 
steel (tables), 2-19, 2-20 
transmission lines, 10-02 
cutoff frequency, 10-07 
electrical characteristics, 10-02 
equivalent networks, 10-08 
propagation constant, 10-06 
velocity of propagation of wavelength, 10-07 
wavelength, 10-07 
-wound resistors, 3-05 
Wires, crossed, not joined, graphical symbol, 
1-76 
joined, graphical symbol, 1-76 
Wood, cord of, conversion factors, 1-49 
properties, 2-32 
studs and plaster, coefficients of sound trans- 
mission, 12-66 
Wood’s metal, properties, 2-09 
Woodwork shop, noise analysis, example of, 12-58 
Word intelligibility, 12-28 
Work, cgs unit, 1-46 
conversion table, 1-57 
mks unit, 1-46 
symbol, 1-46, 1-73 
Woven winding, 11-19 
Wrought iron gage, 1-67 


X-ray burn, 23-18 
diffraction, tubes, 4-89 
shockproof, diffraction tube, 4-89 
therapy, see Roentgen therapy 
tubes, 4-83 
tubes, 4-81 
classifications, 4-81 
uses, 4-83 
XY dial telephone system, 17-34 


Yankee silver, properties, 2-09 

Yard, abbreviation, 1-72 
British imperial, 1-42 
conversion table, 1-47 
cubic, abbreviation, 1-71 

conversion table, 1-49 

square, conversion table, 1-48 
U.S., 1-42 

Years, abbreviation, 1-72 
conversion table, 1-51 


Z marker, 22-10 
Zero beat, 11-05, 11-09 
hearing loss, 12-07 
level, 1-41 
Zinc oxide, properties, 2-11 
properties, 2-09, 2-11 
Zircon porcelain, 2-48 
power factor at high frequencies, 2-34 
properties, 2-32 
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